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Biological organisms use hair-like cilia and flagella to perform fluid 
manipulations essential for their function and survival. This work aims at developing 
synthetic analogs of biological cilia. The fabrication, actuation, beating kinematics, and 
applications of bio-mimetic magnetic cilia that can be integrated into MEMS devices to 
enhance their functionality is detailed. Applications of the cilia to create metachronal 
waves, fluid mixing, and bacteria capture are demonstrated. 
In this work, a simple lithographic technique to realize metallic thin film cilia is 
developed. The magnetic cilia can be driven to oscillate with highly asymmetric strokes 
using a simply rotating magnetic field. The beating of the synthetic cilia resembles the 
beating of biological cilia. The fabrication method follows standardized steps of thin-film 
microfabrication which allows for a higher degree of accuracy and reproducibility. The 
asymmetric motion opens the possibility of harnessing such synthetic cilia for fluid 
pumping and other fluid manipulations. A computational model is employed for 
analyzing the fluid structure interactions and to validate and further examine cilium 
motion due to a rotating magnetic field. The key parameters governing cilium motion are 
established and the actuation regimes enhancing asymmetry of cilium beating are 
identified. 
The combined effect of multiple beating cilia generates rapid microfluidic 
pumping. The flow produced by the ciliary array depends on many factors like the 
direction of magnet rotation, the cilia properties, dimensions of ciliary array, and the 




flow produced. It is found that the cilia arrays can generate transitional flow speeds of 
up to 1.4mm s  corresponding to a flow rate of 11 minl  in closed-loop micro 
channels. These flow rates are the highest reported for such ciliary systems. 
Furthermore, optimum operating conditions for maximum pumping are established.  
Inspired by biological cilia, it is shown that artificial cilia can be actuated in a 
sequential metachronal fashion. Multiple methods are explored to achieve sequential 
actuation of the cilia. The difference in magnetic cilium properties control the phase of 
the beating motion. This property is used to induce metachronal waves within a ciliary 
array and explore the effects of operation parameters on the wave motion. The 
metachronal motion in the artificial system is shown to depend on the magnetic and 
elastic properties of the filaments, unlike natural cilia, where metachronal motion arises 
due to fluid coupling. 
Microorganisms use biological cilia to create various kinds of transport, and most 
important among them is the transport of suspended particles. Biological cilia are shown 
to effectively capture and trap specific particles for feeding. Motivated by this, the use of 
artificial magnetic cilia to capture particles suspended in a fluid is proposed. Perhaps, 
such nature-inspired ciliary capture and isolation of particles can be incorporated in 
microfluidic lab-on-chip devices for pre-concentration of cells and analytes. The particle 
capture capabilities of magnetic cilia are demonstrated and characterized. The surface of 
cilia is functionalized by the target specific receptor and the target is captured on the 
ciliary surface upon contact. It is found that maximum particle capture is obtained for 
same operating conditions that produce the maximum pumping. Furthermore, Salmonella 




Thus, the developed thin film magnetic cilia can find application in a wide variety of 
microfluidic devices. The ease of fabrication, actuation and reliability in operation make 
such cilia an attractive option for various applications. They can easily be incorporated 
into any microscale device where precise control and metering of fluid is necessary. 
Furthermore, they can be used to study and better understand the fluid transport produced 





Chapter 1. INTRODUCTION 
1.1 Micro scale fluid dynamics- Viscosity dominated flows 
Dr. Feynman remarked “there is plenty of room at the bottom” pointing to the 
potential to develop micro and nano devices. Today, the use of semiconductor fabrication 
technology for making microscale electro-mechanical devices (MEMS) has become 
widespread and such devices are often used as sensors and actuators in various 
applications. Biomimetic MEMS devices have gained significant attention in the recent 
past. Researchers have developed devices to perform microscale sensing, actuation, and 
other important functions in a manner that is inspired by biological organisms. In this 
context, microscale fluid handling is a particularly promising field for biomimetic MEMS 
design, as all of the biology exists in or around fluids. Such biomimetic fluid 
manipulation can be extremely useful in various lab-on-a-chip platforms for biomedical 
applications1.  
The most important characteristic of a bio-MEMS device is the length scale, in 
the order of micrometers. To  achieve  fluid transport at these micrometer length scales is 
difficult owing to the lack of inertial effects2,3. Fluid transport is governed by the ratio of 
inertial to viscous effects, and characterized by the Reynolds number, which is small 
(<<1) for these devices.  In these regimes, the fluid transport is dominated by the fluid 
viscosity and the inertial effects are negligible.  
To understand the effect of fluid inertia, consider a reciprocating swimmer in 




path in the forward and recovery strokes. The reciprocating tail pushes fluid against the 
direction of swim and the swimmer is capable of propelling itself. The propulsion 
mechanism in this case is mostly due to fluid inertia. Indeed most large fish and aquatic 
animals swim in this fashion.  Trailing vortices are often observed downstream the 
swimmer, which is an inertial effect. The same reciprocating swimmer, however, will 
find it extremely difficult to swim in a fluid that is more viscous than water (Figure 1-1b). 
The increase in viscosity increases the frictional forces that the swimmer needs to 
overcome to propel itself. In these situations, the 1Re  , and the fluid transport is 
viscosity dominated. Microorganisms, owing to their small size operate in these regimes 
of negligible Re. 
 
Figure 1-1: a) Reciprocating swimmer propels itself if inertial effects are significant. b) 
No net motion of the swimmer if viscous forces are dominant.  
 
Interestingly, microorganisms and cells that usually operate in these inertia-less 
regimes have evolved to use organelles such as cilia and flagella with complex beating 
patterns yielding a net fluid transport4–6. Cilia are hair like structures that protrude from 




of these organelles is not sufficient to produce any net fluid transport3. They beat in a 
complex fashion involving a non-reciprocal, spatially asymmetric beating pattern in order 
to induce a net fluid flow. Cilia and flagella performing such complex beating is 
imperative to the organism in performing vital biophysical functions.  
Naturally occurring cilia is found on nearly all mammalian cells. They aid in cell 
cycle progression and proliferation, and play a vital part in human and animal 
development and in everyday life. Natural cilia are broadly divided into two categories. 
Motile – moving cilia and non-motile – primary cilia. Motile cilia, such as the ones in 
human lungs, and respiratory tract, function to transport fluid and particles and keep the 
airways clear. Non-motile cilia usually perform functions of sensing nearby cells and the 
fluid around it. For example, in the kidney, cilia detect the flow of urine and send sensory 
signals. Dysfunction or defects in motile and non-motile cilia are understood to underlie a 
number of devastating genetic conditions - termed ciliopathies. It also known that flow 
produced by motile cilia determines the left-right asymmetry of the embryo7,8. Ciliary 
bands are used to produce feeding currents that draws the food particles towards the 
mouth of the organism for feeding9,10. Cilia also facilitate organism swimming10,11. Cilia 
are also seen in many parts of the human body. For example, the beating of cilia in the 
fallopian tubes moves the ovum from the ovary to the uterus, the inner lining of the nasal 
tract is kept clean by the constantly beating cilia. 
The development of synthetic cilia that can perform similar non-reciprocal, 
spatially asymmetric beating pattern could prove useful for similar fluid and particle 
transport in lab-on-a-chip and bio-MEMS devices12–16. Furthermore, such synthetic 




Artificial flagella has also been of interest among researchers in the recent years 
for various applications. Dreyfus et al.17 have tethered red blood cells with an artificial 
flagella made of chains of magnetic particles and demonstrated its swimming mechanism. 
Researchers have also demonstrated coiled filaments that act as flagella for single cell 
drug delivery18–22. Acoustically actuated micro swimmers have been demonstrates using 
polymer micro structures23,24. Spiral filaments attached to a magnetic head as artificial 
swimmers have also been demonstrated25. Magnetically actuated soft robots are also 
becoming increasingly popular26,27. 
1.2 Motivation – Food safety and microfluidics 
Harmful pathogenic bacteria cause a variety of diseases, including food 
poisoning, which poses a significant public health problem. Because microorganisms 
readily proliferate over time, the rapid detection of bacteria during the initial stages is 
highly important to prevent food borne diseases. It is estimated that Salmonella bacteria 
alone causes more than a million illnesses in humans every year. With a total of 50 
million annual cases of bacteria related illnesses, of which around 3000 of them result in 
death28. It is known that bacteria in concentrations as low as 10-100 CFU ml  are 
capable of causing harm29–31. Microbiologists, therefore, are posed with the challenge of 
finding a needle-in-a-haystack. How does one detect small numbers of pathogens amid 
large numbers of harmless background in a large and complex sample matrix?  
The problem of detection of low concentration of cells is also encountered in 
medical and pathological analysis. Particularly, the detection of circulating tumor cells 




very rare events with an approximate concentration of 1 CTC per 105–107 blood mononuclear 
cells, and such rare nature makes it difficult both to detect and isolate them. These cells are 
usually larger 10 m  in diameter, which makes their isolation and detection relatively easier. 
Many inertial separation methods have been developed for their isolation which use a body 
forces (gravity35, centrifugal36,37 or magnetic38–40) or surface forces41,42 (dielectrophoretic) to 
isolate the cells from a mixture. These forces are proportional to the volume or surface area of 
the cell. These methods usually achieve a high throughput and separation efficiency. The same 
techniques, however, cannot be used to isolate bacterial cells because of their smaller size. 
Bacterial cells are usually ~ 1 m  in diameter, which is 10 times less than the diameter of 
CTCs, and 1000 times less in volume. Therefore, methods using inertial effects where the 
isolation efficiency is proportional to the cell volume does not work efficiently for bacterial 
cells.  
The most commonly used detection technique for pathogenic bacteria is the cell 
culture technique. This technique first enumerates the cells and increases their 
concentration by plating them and then detecting the cells at higher concentrations.  
Although cell culture techniques are widely used to detect pathogenic bacteria, 
they cannot provide on-site feedback because cultivation requires several days and a 
laboratory for screening. Over the years, more rapid methods have replaced plating steps 
with DNA hybridization or enzyme immunoassays. However, even these methods detect 
at best 103-104 CFU g  of target pathogens, meaning that culture enrichment steps are 
still necessary43. The protocol starts with an overnight or even longer enrichment phase 
conducted in liquid broth, in agitated flasks. Then, cultures are plated on Petri-dishes 




12 hours to several days before counting. Finally, additional molecular or immunological 
typing methods may be needed, for specific strain identification. This protocol is highly 
sensitive and specific, but it typically requires several days, skilled personnel and large 
volumes of consumables.  
Other methods for isolation and detection of bacterial cells therefore need to be 
developed. Recently, novel detection methods based on functional magnetic 
nanoparticles have been used for the rapid detection of bacteria. Antibody-functionalized 
magnetic nanoparticles can capture, separate, and concentrate pathogenic bacteria. 
Captured bacteria may be detected without cultivation using a variety of analytical 
techniques, such as quartz crystal microbalance (QCM)44, surface plasmon resonance 
(SPR)45, electrochemical impedance spectroscopy (EIS)46, surface-enhanced Raman 
scattering (SERS)47,48, and fluorescence spectroscopy. These methods, however, have a 
low throughput and can analyze a small volume of sample. Commercially available 
Pathatrix® Auto Instrument concentrates pathogens and spoilage organisms from a wide 
range of food and environmental sample matrices for downstream testing by PCR, 
immunoassay or culture. This instrument is, however, expensive and required trained 
personnel to operate.  
Researchers often resort to microfluidic approaches to isolate bacterial cells and 
for bacterial identification, use nucleic acid amplification techniques or further immuno-
recognition protocols. Microfluidic systems with high surface to volume ratio pose 
multiple advantages of small sample volume, small size and low energy consumption49–
51. Furthermore, larger sample volumes can be handled by designing continuous flow 




can be found in the literature. Pereiro et al.30 have shown a total micro analysis system 
using magnetic fluidized beds for detection of pathogenic bacteria. They have been able 
to detect cells which are as low in 100 CFU ml  in a few hours. Kang et al. 52 
alternatively proposed a system that combines  DNAzymes, microfluidic droplets and 3D 
optical detection, reaching sensitivities between 10 and 100 CFU ml , but this method is 
also prone to false positive results in the case of dead or lysed bacteria. Lee et al.53 have 
isolated cells with concentrations as low as 10 CFU ml  using 3D printed helical 
channels.  
There is a need for the development of bacteria isolation/pre-concentration and 
detection techniques that enable portable, cheap, disposable, reliable and fast detection of 
pathogenic bacteria. This thesis aims to develop microscopic bio-mimetic artificial cilia 
that are capable creating local fluid transport, which in turn can capture bacterial cells. 
The artificial cilia are hair like structures that are micro fabricated and incorporated 
inside a microfluidic channel. These structures are magnetic and can oscillate to produce 
a local fluid transport and enhance the fluid mixing. Such cilia can potentially be used to 
capture and pre-concentrate bacterial cells, which can further be detected by other means 
such as polymerase chain reaction (PCR). 
1.3 Artificial cilia – so far. 
Several kinds of artificial ciliary systems have been experimentally demonstrated 
using electrostatic54, pneumatic55, and chemical actuation56.  Den Toonder et al54. 
demonstrated that electrostatically actuated cilia are promising for microfluidic mixing, 




polymer lithographic steps. Moreover, introduction of electric fields to actuate artificial 
cilia might limit the use of this approach in applications involving biological samples. 
Orbay et al.57 have shown acoustical actuation of polymeric cilia, and demonstrated 
microfluidic fluid mixing using these structures.  
Among the different approaches, magnetic actuation58–63 is promising due to the 
relatively simple realization and operation. In this case, magnetic cilia can be actuated 
from a distance with no interference of the magnetic field with biological samples. 
Magnetically actuated ciliary systems typically comprise of a magnetic structure that can 
deform elastically and an external magnetic field that drives the magnetic structure. 
Various sophisticated fabrication techniques to realize magnetic cilia such as roll 
up method, polymers embedded with magnetic particles, and beads self-assembly have 
been developed and demonstrated. The beads’ self-assembly method lacks in control of 
the properties of cilia. The number of beads in a cilium may vary and the fabrication is 
rather complicated involving guiding particles into trenches using acousto-optic 
deflectors. The mechanical properties of polymeric cilia with magnetic particles are 
difficult to predict as the composition of the polymer and curing temperatures affect the 
material properties. This method also involves complex chemistry to realize the 
lithographic step. Permanent magnets and electromagnet setups  are used to create 
alternating magnetic fields for synchronous actuation of ciliary arrays59,64–66. In general, 
an experimental realization of magnetic artificial cilia has not been a trivial task. A 
detailed review of the different fabrication approaches to fabricate magnetically actuated 




 Owing to the difficulty in realizing artificial cilia experimentally, researchers 
often resort to computational studies. Theory and computational models to understand the 
dynamics of magnetic artificial cilia and demonstrate their ability to pump fluids67 have 
been developed. Two and three dimensional models  are used to examine the kinematics 
of a metallic film cilium actuated by a rotating magnetic filed68 69. The net flow generated 
by magnetically-actuated cilia in the relation to the beating pattern and the Reynolds 
number  is analysed70. A linear relation is reported between the area swept by the cilium 
tip and the fluid flow per cycle. Khaderi and Onck69 have examined the effects of 
multiple cilia that interact in an array and discuss the effects of metachronal waves. The 
use of such cilia for micro-particle capture12,14–16, particle transport71, flow control72 have 
been examined using computational modeling.  
 In this thesis, a simple and easy to implement fabrication and actuation 
mechanism for realizing magnetic artificial cilia is detailed. A surface micro-machining 
technique is detailed to fabricate microscale magnetic cilia and study their operating 
mechanism the creation  of fluid transport when actuated by a rotating permanent magnet. 
The fabrication process results in soft magnetic filaments made of nickel-iron alloy, 
which has a high magnetic susceptibility, ensuring high magnetic forcing. Furthermore, 
the fabrication process is simple and employs standardized protocols of lithography and 
metal deposition. The process yields highly reproducible cilia of various shapes and sizes. 
Furthermore, the kinematics of the asymmetric beating, fluid pumping characteristics, 
metachronal motion, and particle capture capabilities of magnetic artificial cilia are 





1.4 Organization of the thesis 
 The fabrication process to realize the artificial cilia is first detailed in Chapter 2. 
The actuation mechanism using a simple rotating permanent magnet is described, and 
fluid transport by an array of cilia is demonstrated.  
The kinematics of oscillation of an individual cilium is characterized in detail 
Chapter 3. The asymmetric beating pattern is directly imaged, and its mechanism is 
explained. The kinematics of beating are shown to depend only on governing non-
dimensional parameters (magnetic number and sperm number). Differences in the beating 
pattern for clockwise and counterclockwise rotating field is described. 
In Chapter 4, the fluid transport characteristics of arrays of artificial cilia is 
quantified. Record flow rate with a maximum upto 1.4mm/s are obtained in such ciliary 
systems. Distinction between flow rates produced due to clockwise and counter-
clockwise rotation of the magnetic field are detailed.   
Array of artificial cilia can be actuated in a sequential metachronal fashion. Such 
motion often observed in biological cilia is known to enhance the fluid transport 
characteristics. Multiple methods to create metachronal motion in artificial ciliary arrays 
is detailed in Chapter 5.  
Artificial magnetic cilia are usually actuated by a uniform magnetic field across 
all the cilia in the array. This kind of actuation leads to all the cilia oscillating 
simultaneously. Individual control of such cilia can be achieved by combining the 
magnetic actuation with electrostatic actuation. Details of combined magnetic and 




Revisiting the primary motivation for developing the magnetic cilia for capturing 
and isolating cells in low concentration samples, particle capture capabilities of artificial 
cilia are described in Chapter 7. Demonstration of Salmonella capture on the ciliary 
surface is detailed. 





Chapter 2. FABRICATION AND ACTUATION OF ARTIFICIAL 
CILIA 
As discussed in INTRODUCTIONChapter 1, achieving  fluid transport at the 
micrometer length scales is difficult owing to the lack of inertial effects2,3. A mere 
symmetrically reciprocating motion is not sufficient to produce any net fluid transport3. 
Microorganisms and cells that usually operate in these inertia-less regimes have evolved 
to use cilia and flagella with complex beating patterns to yield a net fluid transport4–6. 
Such complex beating cilia and flagella are imperative to the organism in performing 
vital biophysical functions.  
The development of synthetic cilia that can perform similar non-reciprocal, 
spatially asymmetric beating pattern could prove useful for fluid and particle transport in 
lab-on-a-chip and bio-MEMS devices12–16. The primary objective of this work is the 
development of artificial magnetic cilia capable of achieving microfluidic transport. 
Fabricating arrays of artificial cilia has advantages in controlling the fluid flow produced 
for various applications that require the metering, mixing or pumping very small volumes 
of fluids. In this chapter, a surface micromachining process for creating artificial cilia is 
described. The cilia are made of a magnetic material such that they can be actuated by an 
external oscillating magnetic field. The idea is similar to the ones described by Fahrni et 
al.64 and Belardi et al.73, where polymer filaments embedded with magnetic material is 
used as cilia. The thin filaments are anchored on one end to the substrate and can then be 




Magnetic thin films deposited using physical vapor deposition - PVD process to 
fabricate the cilia is described in this chapter. Nickel-Iron permalloy (80% Ni and 20% 
Fe) is used to make  the filaments. The high magnetic permeability of NiFe allows for 
maximum magnetic forces to act on the filament. NiFe is a soft magnetic material that 
gets magnetized in the presence of an external magnetic field and has negligible 
coercivity which ensures minimum remnant magnetization. Therefore, the same forcing 
can be applied over multiple cycles of oscillations as the filament re-magnetize easily in a 
time varying field. Furthermore, the high deformability of magnetic filaments allows for 
large deflections under the magnetic forcing. 
2.1 Microfabrication of cilia  
Microscopic borosilicate glass slides (MS400, Lab storage, St. Louis MO) are 
used as the substrate to fabricate the cilia. The glass slides are inexpensive and easily 
disposable. Moreover, because they are transparent, it can be used to visualize the motion 
of the cilia and fluid around it. Surface micromachining techniques are employed to 
fabricate cilia on the glass substrate and the process involves a simple two-mask 
lithographic process. Before beginning the fabrication, the glass slides are cleaned by 
washing them in acetone, followed by isopropanol, and dried using a nitrogen air gun. A 
flow chart that indicates the steps of fabrication is shown in Figure 2-1. First, the pattern 
of the cilia is imprinted using a negative photoresist (NR9 1500Py Futurex) on a glass 
substrate. The details of the first lithographic step are detailed Table 1. A 40nm sacrificial 
layer of copper is then sputtered (Unifilm sputterer) followed by a layer of NiFe (80:20 
Ni:Fe permalloy) of required thickness (at a rate of 
o




remove the photoresist by dissolving it in acetone, which leaves the cilia features on the 
surface.  
The next step is to deposit an anchor for holding the cilia on the substrate. A 
second lithographic step ( 
Table 2) is performed to obtain these features which are deposited with 150nm of 
titanium (at a rate of 
o
350A min ). This anchor layer sticks to the glass and ensures the 
NiFe cilia are held on the substrate. The cilia are released by removing the sacrificial 
copper layer by dissolving it in 5% ammonium hydroxide, which selectively etches the 
copper.  
The stresses due to sputtering NiFe alloy curls the film away from the substrate 
when the supporting Cu layer is removed. This leaves a free standing magnetic NiFe film 
that can be actuated by an external magnetic field. The yield of this process is high, with 
over 99%  of cilia functioning properly. This process is simple and highly reproducible. 
Moreover, the fabricated devices can be stored for extended periods, and the sacrificial 
layer can be removed during the time of the experiment. The dimensions of the cilia are 
readily modified by changing the lithographic mask and NiFe film deposition conditions.  
Once the sacrificial layer is removed and the filament is suspended in DI water, 
care should be taken to ensure that the filaments remain in a suspended state and do not 
dry out. If the fluid evaporates, the filaments comes in contact with the substrate and 
adheres to it via hydrogen bonding. Such sticking is observed to be strong and cannot be 
reversed. This leads to irreversible damage of the cilia. One way to overcome this issue is 




the surface of the filaments, thereby avoiding a direct contact between the surface of the 
filament and glass substrate. On adding water to re-suspend the filaments in such a case 
will ensure their proper functioning. 
 
Table 1: Conditions used for the first step in fabricating magnetic cilia. 
Spin coating NR9 – 1500PY, 3000RPM, 5s ramp, 30s 
Soft bake 120s at 150
oC  
Exposure 190
2mJ cm  
Post Exposure Bake 60s at 100
oC  
Development 
15s in RD6 developer 
 
Table 2: Conditions used for the second step in fabricating magnetic cilia. 
Spin coating SC1827, 3000RPM, 5s ramp, 30s 
Soft bake 120s at 120
oC  
Exposure 150
2mJ cm  
Post Exposure Bake Not required 






Figure 2-1: Flowchart of the fabrication process showing the two steps-deposition of 






2.2 Characterization of magnetic thin films 
Multiple parameters affect the behavior of the magnetic film including the 
geometry, composition and the stress in the filament. The initial orientation of the 
filament when the sacrificial layer is removed is determined by the stress in the NiFe 
layer. When the sacrificial layer is removed, the stresses in the NiFe deposited layer curl 
the filament away from the substrate. An SEM image of a super critically dried array of 
cilia is shown in Figure 2-2. Notice that the filaments curl away from the substrate. The 
curvature of the curled filament can be controlled by changing the metal residual stress, 
which in turn can be controlled by varying the deposition conditions. For example, 
evaporating NiFe results in a highly stressed filament which has a high curvature when 
the sacrificial layer is removed. Similarly, if the NiFe layer is sputtered which is a 
relatively low stress process, the stress in the filament is lower. Furthermore, it is noted 
that the filaments had least stress and minimum curvature when the copper and NiFe 
layers are deposited at 200A/min. All the cilia described in the rest of the thesis are 
fabricated using this deposition condition. It is also noted that the deposition conditions 
such as the sputter chamber pressure also affects the film quality and stress. 
While the deposition condition and deposition rate determine the film’s initial 
curvature, the parameters that determines the deformability of the cilia is the geometry 
and the magnetic properties. Thickness of the filaments determines the ability of 
fabricated filaments to follow the field. As thickness increases, the bending rigidity 
increases, and the deformation reduces. The thickness of cilia used in the various 





Figure 2-2: SEM image of super critically dried cilia.  
 
2.2.1 Measuring the composition 
The composition of NiFe determines the magnetic properties of the filaments. The 
NiFe sputtering target is obtained from Kurt Lesker company and has a composition of 
80% Ni and 20% Fe.  This composition is known to yield the maximum magnetic 
susceptibility and it is therefore important to ensure that this ratio of 80:20 of Ni to Fe is 
retained in the sputtered filaments. Figure 2-3a, b shows the composition of Ni and Fe 
present in the filament. Figure 2-3c shows the combined composition of Ni and Fe. 
Notice that the uniform distribution of Ni and Fe throughout the filament.  Figure 2-3d. 
Shows the energy dispersion spectroscopy results revealing the composition of the 
filaments. The measured film composition is found to be very close to that of the 






Figure 2-3: TEM dispersion spectroscopy images of the filament. a) Distribution of 
nickel in the filament. b) Distribution of iron in the filament. c) Combined distribution of 
Ni and Fe. d) Energy dispersion spectroscopy results of the filament revealing the 
composition. 
 
2.2.2 Stress in the free standing thin film 
In the experiments, it is noted that the deposition rate of copper sacrificial layer is 
as important as the deposition of NiFe to determine the residual stress. This is perhaps 
due to the matching of the grain sizes in the two metal layers. On the Unifilm sputterer, 
the deposition rate is set to 
o




large deviation from this rate (more than 
o
100A min ) results in various defects in the 
fabricated filaments. A large deviation in the deposition rates leads to high film stress74 
that results in filaments that fracture or have an oblique orientation after the sacrificial 
layer is released. Figure 2-4a, b. shows the breaking of filaments and the oblique 
orientation in highly stressed filaments. For certain deposition conditions, the residual 
stress is just right for the filaments to curl into full circles. Examples of such circled 
filaments are shown in Figure 2-4c, d. Quantifying the causes leading to stresses in the 
free standing NiFe layer is important. However, this was not within the scope of this 
thesis.  
It is also important to ensure that the cilia are properly anchored to the substrate. 
Poor adhesion of the titanium layer to the substrate can result in cilia being detached. 
Figure 2-4e shows an example where some cilia are detached from the substrate.  
 
Figure 2-4: Various defects in the filaments due to residual stress in the NiFe layer.  
Highly stressed cilia break 
Weak adhesion of anchor 
Filaments curled 
to form a circle 
Stressed filaments bend in 








To measure the surface roughness and grain size, TEM images of the free 
standing NiFe layer is taken. In Figure 2-5a the surface roughness of the filament is 
shown. Figure 2-5b shows the selected area electron diffraction (SAED) of the NiFe thin 
film. The bright rings indicate the crystalline structure in the filament. Figure 2-5c shows 
the grain size in the NiFe layer. The bright regions represent a crystallographic grain in 
the layer. The estimated average grain size is ~ 30nm  as measured using ImageJ distance 
measurement tool.  
 
Figure 2-5:a) TEM images of the NiFe layer showing the surface roughness. b) Selected 
area electron diffraction (SAED) image of the NiFe thin film showing the cryptographic 






2.3 Soft lithography – Fabricating PDMS channels 
Standard techniques, of photolithography and soft-lithography, are used to fabricate 
microchannel. First, Su8 photoresist (MicroChem Corp) is coated on a silicon wafer. A 
spin coater (SCP spin coater) is used to coat a uniform thin layer of photoresist. After the 
resist is soft baked and cooled, it’s exposed to UV light in a mask aligner through a 
photomask on which the image of the channel is drawn. A 2-dimensional latent image is 
formed on the resist. When the UV light is passed through a mask, the opaque pattern 
blocks the light and the clear regions allow the light beam to pass through, thus enabling 
a transfer of pattern on photoresist. It is later developed in a developer solution to form a 
3-dimensional master mold of the image.  
Channels are made using poly (Dimethylsiloxane) (PDMS) by the standard process 
of soft lithography. This is done by mixing 10 to 1 ratio of the elastomer and hardener 
and curing at o80 C  for 3 hours. These PDMS replicas are then peeled off from the 
silicon substrate and bonded to glass slides. This bonding is done by first treating the 
surface of PDMS and glass in an oxygen plasma for 1 minute, and then pressing them 
together to bond permanently. Reservoirs are dug into the PDMS micro channels before 
they are bonded to the glass slide, using a mechanical punch. Figure 2-6 shows the flow 






Figure 2-6: Flowchart for fabricating the PDMS devices. The Su8 mold is first made on 
Silicon wafer. PDMS channel replicas are then made using the mold. The PDMS 
channels are plasma bonded on glass devices. 
 
2.4 Actuation of the filaments 
The fabricated NiFe filaments can be subjected to a simple oscillating magnetic 
field, which the cilia follow. For example, a simply rotating magnetic field can be used to 
actuate the cilia. This is discussed in more detail in chapter 3. To ensure a uniform 
magnetic field over a cilium, it is important that the size of the magnet be much larger 
than the size of the filament. In all the experiments presented in this thesis, magnets 
larger than 2 inches  in diameter are used. This is much larger than the size of the 
filaments. However, the size of a ciliary array can be large and magnetic field acting on 




The general setup to actuate the array of cilia is shown in Figure 2-7a and a 
photograph of the experimental setup is shown in Figure 2-7b. A cylindrical magnet that 
is magnetized through its diameter is connected to the shaft of a motor and spun. The axis 
of rotation lies parallel to the plane of the substrate. As the magnet rotates, the magnetic 
cilia orient themselves in the direction of the magnetic field leading to their cyclic 
oscillations. Figure 2-7c, d, e, f shows a ciliary array at different rotational positions of 
the actuating permanent magnet. These images are recorded from beneath the substrate as 
indicated in Figure 2-7a and show that all the cilia oscillate synchronously throughout the 
beating pattern. Notice the large deformation of the cilia, as indicated by the projection of 
the deformed filament. Therefore, a simply rotating magnetic field can oscillate the cilia 





Figure 2-7: a) Schematic of the experimental setup showing the actuation of an array of 
cilia using a permanent rotating magnet. b, c, d, e): Series of experimental images of an 
array of cilia actuated by a rotating magnet, as viewed from the bottom. b) Position of 
cilia when the magnetic field is horizontal, and cilia are relaxed. c), d) Changing 
Substrate with 











positions of the cilia as the magnetic field is being rotated from the horizontal to the 
vertical direction. e) Position of cilia when the field is normal to the substrate.  
 
2.5 Fluid transport by arrays of cilia 
Next, to probe whether the oscillating magnetic cilia can produce a net fluid flow, 
experiments are conducted in which flow patterns around beating cilia are visualized 
using fluorescent microparticles. The fluid is seeded with micrometer-sized fluorescent 
particles (1μm FluoSpheres™ - F13080, Thermofisher Scientific, USA) and their motion 
is registered using a standard epifluorescence microscope (Nikon - Eclipse Ti) while the 
array of cilia is subject to a rotating magnetic field. Figure 2-8 shows a snapshot of a fluid 
flow pattern produced by a ciliary array, where the trajectories of the fluorescent particles 
indicate fluid transport. In this experiment, cilia are arranged in four columns with four 
rows of cilia. Each row contains 15 individual cilia. The cilia in the successive columns 
are anchored at opposite edges. This results in cilia that face opposite directions in the 
four columns, as indicated by the arrows. The columns of cilia pump fluid in the direction 
of the arrows, that result in a circulatory flow pattern shown by the streak lines generated 
by the fluorescent particles.  
The dimensions of each individual cilium in the array are 200 20 70m m nm   , 
and the actuation frequency in this experiment is 50Hz . These experimental conditions 
lead to a Reynolds number, 0.1Re LWf   , that represents the ratio of inertial 
forces to viscous forces that act on the cilia. Here,   is the fluid density, L  is the length, 




Reynolds number, inertial effects are negligible and a time irreversible motion with a 
spatial asymmetry of the beating pattern is required to create a net fluid transport58 (As 
discussed in Section 1.1). Thus, the result in Figure 2-8 indicates that magnetic cilia is 
able to generate a time irreversible motion that leads to a net fluid flow. In the next 
chapter, the beating kinematics of individual magnetic cilium to understand the 
mechanism leading to fluid transport is explored. 
 
Figure 2-8: Fluid circulation produced by an array of magnetic cilia. The four columns of 
cilia are anchored on the opposite ends producing fluid pumping in the directions shown 
by the arrows. This leads to the fluid circulations as shown by the streaklines. Cilium 







A simple fabrication method to create magnetic artificial cilia is developed. The 
cilia are prepared using a two-step lithographic process by releasing a thin permalloy 
stripe, anchored at one end to the substrate. The filaments are characterized using 
thickness, composition and grain size analysis. The resulting cilia are magnetic filaments 
that can be actuated by an externally varying magnetic field. Furthermore, an array of 
cilia is shown to produce considerable fluid flow in low Reynolds number environments, 
implying an asymmetric beating pattern. The asymmetry in the beating pattern is 
discussed in more detail in chapter 3. 
The method discussed in this chapter involves standardized steps for thin-film 
microfabrication that enables fabrication of elastic cilia with a wider range of parameters, 
high degree of accuracy, and reproducibility. Thus, can be readily adapted for the 
applications in lab-on-a-chip devices and can be especially useful in various biomedical 
assays to handle biological samples using low magnetic fields that are typically harmless. 
The fabrication approach allows us to readily create extended arrays of multiple 






Chapter 3. KINEMATICS OF BEATING MAGNETIC CILIA 
As explained in Chapter 2, a mere reciprocating, back and forth motion of cilia is 
insufficient to create a net fluid transport. However, as demonstrated in Chapter 2, the 
fabricated magnetic cilia show a net fluid transport when actuated. The ability of an array 
of magnetic cilia to produce fluid circulation must be related to time-irreversible, 
spatially asymmetric oscillations.   
In this chapter, the kinematics of beating of an individual cilium is investigated. 
The mechanism of their beating in a time-irreversible and spatially asymmetric fashion is 
detailed. The cilium motion is defined by an interplay among elastic, magnetic, and 
viscous forces. This difference in dominating forces that act during the forward stroke 
and the recovery stroke leads to an asymmetric beating pattern of the cilium. Experiments 
are performed on a single cilium and its beating pattern is directly recorded by imaging 
the stroke pattern. Furthermore, computer simulations are performed to validate the 
understanding of the kinematics and reproduce similar beating. 
The relative importance of magnetic, elastic, and viscous forces in terms of 
dimensionless magnetic (Mn) and sperm numbers (Sp) is characterized. The dependence 
of cilium kinematics on these dimensionless parameters is demonstrated experimentally.  
The cilium oscillations are promising for creating spatially asymmetric motion required 
to induce fluid pumping and other transport processes in a low Reynolds number 
environment. Note that the fabrication approach allows us to readily create extended 
arrays of multiple simultaneously beating cilia, including heterogeneous arrays of cilia 





Researchers have developed theory and computational models to understand the 
dynamics of magnetic artificial cilia and demonstrate their ability to pump fluids67. Two 
and three dimensional models  are used to examine the kinematics of a metallic film 
cilium actuated by a rotating magnetic filed68 69. The net flow generated by magnetically-
actuated cilia in relation to the beating pattern and the Reynolds number  is analysed70. A 
linear relation is reported between the area swept by the cilium tip and the fluid flow per 
cycle. Khaderi and Onck69 have examined the effects of multiple cilia interacting in an 
array and discussed the effects of metachronal waves. The use of such cilia for micro-
particle capture12,14–16, particle transport71, flow control72 has been examined using 
computational modeling.  
In this chapter, it is shown that using a rotating permanent magnet, the magnetic 
cilia can be driven to oscillate with highly asymmetric strokes, resembling the beating of 
biological cilia. The asymmetric motion opens the possibility of harnessing such 
synthetic cilia for fluid pumping and other fluid manipulations. The magnetically-
oscillated artificial cilia can be utilized for various microfluidic purposes due to the ease 
of fabrication and actuation. It is, therefore, important to understand the kinematics of 
such cilia under different magnetic forcing conditions. Although, researchers have 
studied the mechanisms of fluid manipulation in similar systems60,75, experimental 
studies characterizing the asymmetric beating cilia are still limited64. Here, both 
experiments and theory are combined to understand the kinematics of magnetically 
driven thin film cilia for a range of actuation conditions. A setup with a rotating 




of actuation conditions is used and a computational model for fluid-structure interactions 
to validate and further examine cilium motion due to a rotating magnetic field is 
employed. The key parameters governing cilium motion and identify actuation regimes 
enhancing asymmetry of cilium beating are established.  
3.2 Experimental and computational methodology 
 
Figure 3-1: Schematic of the experimental setup showing the relative positioning of the 
cilium on the microscope with respect to the magnet. Note the cilium oscillation plane (






Analysis of  the motion of cilia from the top view64 does not reveal all of the 
important features of their motion. To better capture the cyclic motion of the cilium, the 
cilium in its plane of oscillations is imaged. To this end, the substrate vertically on an 
inverted microscope (Nikon Eclipse Ti) such that the plane of oscillations of the cilium is 
parallel to the microscope plane of view, x y  (Figure 3-1) is placed. The cilium is 
actuated using a cylindrical magnet, magnetized through its diameter (12mm  diameter, 
D8X0DIA, KJ Magnetics)). The magnet rotates with its axis perpendicular to the plane of 
view. Since the size of the magnet (12mm  in diameter) is much larger than the length of 
the cilium ( ~ 500 m ), the magnetic field experienced is nearly uniform, i.e. the cilium 
experiences a uniform magnetic field that rotates in time. To capture bright-field images 
of the cilium motion, a high-speed camera (Phantom Miro C110, Vision research) that is 
operated at 800 frames per second rate is used. TIFF image stack obtained by the camera 
is transferred to the completer for analysis. 
Trajectories of cilium oscillations are captured under varied experimental 
conditions. In these experiments, the rotation rate of the magnet, magnetic flux density, 
cilium length, cilium thickness, and fluid viscosity are all varied. The magnet rotates in 
counter-clockwise (CCW) direction with frequencies f ranging from 1 to 24 Hz. The 
magnetic flux density is varied by changing the distance between the magnet and cilium, 
and measured using a gauss meter (Alpha labs, model 1140), with an average reading 
error of 20Gauss . Water ( 1cP  ), iso-propyl alcohol ( 2.1cP  ), and a 2:1 mixture 




56 1P nm  , 68 1nm ), and two lengths ( 480 ,430L m m  ) of the cilium are 
examined. Cilium width W is kept constant and equal to 10 m . The modulus of NiFe is 
estimated to be 200GPa 76. For these experimental conditions, the Reynolds number 
Re LWf   does not exceed 0.12.  
3.2.2 Approximation of the magnetic force: 
To model the magnetic forces that act on the cilium, it is assumed that the entire 
cilium is exposed to a uniform magnetic field. This assumption can be validated based on 
the fact that the size of the magnet is much larger than the cilium length. If magnetic field 
Ho is applied on the soft magnetic cilium, it induces a magnetization M. Here, B and M 
are given by 
 
 
Where,   ,  
Furthermore, the magnetic couple acting on a filament with magnetization M and 




𝐁 = (𝐵𝑥0, 𝐵𝑦0)  









𝛽 = 2𝑡𝑎𝑛−1(𝐿/ℎ)/𝜋~1 
𝑵 = 𝑴 ×  𝐁 
𝑁𝑧 =
𝜇0𝐵0
2𝑠𝑖𝑛2𝜃 (𝜒𝑥 − 𝜒𝑦 + 𝜒𝑥𝜒𝑦(𝛽 − 𝛼)) 





Further, assuming that NiFe permalloy is an isotropic magnetic material (𝜒𝑥 = 𝜒𝑦 = 𝜒), 
and a high geometric asymmetry. (𝑃 ≪ 𝐿), the above equation reduces to  
 
The important thing to note in this equation is that the magnetic moment along the 
cilium is proportional to ~ sin(2 )zN  , where   is the angle between magnetic field B  
and the local axis is applied.54,60–63,77. In the presented model, a distributed moment that 
acts  on the elastic cilium with its magnitude proportional to sin(2 )  is imposed.  
3.2.3 COMSOL Model 
Two-dimensional computer simulations to understand the kinematics of a single 
cilium are used. The fluid-structure interaction simulations are performed using 
COMSOL with an arbitrary Lagrangian-Eulerian (ALE) method78. A distributed 
moment that acts on the elastic cilium with its magnitude proportional to sin(2 )  is 
imposed. The magnitude of the moment is set to match cilium deflection observed in the 
experiment, and the fluid far from the cilium is assumed to be stationary. Results from 
the simulations are compared against the beating kinematics of a single isolated cilium. 
More details on the model setup and meshing can be found in APPENDIX A. 
3.3 Results and discussion 
Microscale magnetic cilia that oscillate in fluid, experience forces due to the 
rotating magnetic field, cilium elasticity, and the viscous fluid. To better understand the 









to a uniform magnetic field is first considered. Under the action of ,B  the filament 
magnetizes and experiences a net moment due to this induced magnetization. This 
moment acts to align the poles on the filament with the direction of the field, so as to 
minimize its potential energy. When the filament axis is aligned with B  (or B ), its 
magnetization is aligned with B  (or B ) and the filament experiences no magnetic 
moment, and allows  it to remain at rest in alignment with the field.  
When the filament axis is misaligned with the direction of the magnetic field, the 
filament experiences a distributed magnetic moment, locally proportional to  sin 2 ,  
where   is the angle between magnetic field B  and the local filament axis. This local 
magnetic moment drives the filament to align with the direction of B . Due to the 
filament’s ability to change its magnetization such that it aligns with either B  or ,B  the 
magnetic moment is maximum at   equal to 45 ,  and is equal to zero when 0    or 
90 .    In other words, a stationary cilium experiences a maximum magnetic force four 
times for every rotation of the magnetic field.  
When the magnetic field rotates, it induces magnetic moments such that a free-
standing filament rotates following the field rotation. If one end of the filament is 
anchored, the anchored portion is unable to follow the magnetic field, while the free end 
tends to align with the field driven by the magnetic moments. This results in bending of 
the elastic filament. The arising internal elastic forces act to restore the filament’s initial 
(un-deformed) shape. Furthermore, if the filament is submerged in a viscous fluid, it also 
experiences a viscous force when it moves. The viscous force is proportional to the 
filament velocity and acts to dissipate its movement. In this limit of a low Reynolds 




anchored elastic magnetic filament in a viscous fluid subjected to a rotating magnetic 
field is determined by a balance of magnetic, elastic, and viscous forces.  
The soft magnetic cilia get magnetized in the presence of an external magnetic 
field and tend to align along the direction of the field.  this actuates the cilia by subjecting 
it to a magnetic field rotated in the x-y plane as shown in Figure 3-1. The magnetic field 
is rotated either in the clockwise (CW) or in the counter clockwise (CCW) direction. The 
change of the direction of magnet rotation results in significantly different beating 
patterns as shown Figure 3-2 and in Figure 3-4 that present the side view images of cilia 
collected during CCW and CW magnet rotation, respectively. In the following sections, 
the cilia are observed beating due to CCW and CW magnet rotation. 
3.3.1 Counter-clockwise rotation of magnetic field 
Magnetic cilia follow spatially asymmetric motion when exposed to a CCW 
rotating magnetic field62,63. An example of such a motion is shown in Figure 3-2a that 
presents a series of overlapped images of a cilium actuated by a CCW rotating magnet. 
These overlapped experimental images are obtained from Video 2 in the supplemental 
material, showing the motion of a cilium induced by CCW rotation of the magnet. In 
Figure 3-2b, simulation results for cilium positions under conditions similar to the 
experiment presented in Figure 3-2a. Good qualitative agreement between the prediction 
of the computational model and experimental results are recorded. These results are also 






Figure 3-2: Magnetic cilium oscillation due to a CCW rotating magnetic field in the 
x y  plane (a) Experimental snapshots of a cilium with the following parameters: 
480L m , 10W m , 55Th nm , 0.3Hz  , 600B Gauss , 1cP  . These 










the beginning of the forward and recovery strokes, respectively. The tip trajectories 
during the forward and recovery strokes are shown by the solid and dotted lines, 
respectively. The snapshots are obtained from Video 2, in supplemental material. (b) 
Trajectory of the cilium obtained using computer simulations. 
The tip trajectory in Figure 3-2 represents an enclosed curve with distinct paths 
corresponding to the cilium forward (in the direction of magnet rotation) and backward 
(against the direction of magnet rotation) motions. Thus, the cilium follows an 
asymmetric stroke where its motion differs significantly between the forward and 
recovery sections. The stroke asymmetry arises as a result of a difference in the forces 
governing the forward and backward (recovery) strokes, as discussed below in detail.  
Magnetic forcing of elastic cilium by considering a cilium at selected positions 
throughout an oscillation cycle are depicted in Figure 3-2. The forward stroke begins 
when the cilium assumes the rightmost position denoted by (a) in Figure 3-3. The time 
corresponding to this position as 0t  . In position (a), most of the cilium is well aligned 
with the direction of the magnetic field, and experiences less forces, except for a short 
segment near the base where a bending moment arises due to the local curvature. As the 
magnetic field rotates CCW, the cilium bends such that its tip remains aligned with the 
field as shown for the positions (b) and (c). At the same time, the distributed magnetic 
moment near the base increases in magnitude and expands towards the tip. This happens 
due to increased bending which results in greater curvature near the base. Note that at 
position (c), the local magnetic moment at the base changes direction and acts to enhance 




In position (d), the angle between the tip and the x axis reaches the maximum. 
This position is used to define the end of the forward stroke and the beginning of the 
recovery stroke. The forward stroke lasts for the majority of the cycle. Due to the high 
curvature in this position, the bending magnetic moment changes sign twice along the 
length leading to a complex effect on cilium deformation.  
Magnetic field rotation beyond position (d) results in a situation where the tip 
experiences a decreasing magnetic moment such that the elastic force exceeds it and the 
cilium rapidly straightens releasing the accumulated elastic energy and swiftly following 
position (e). Furthermore, magnetic moment along the entire cilium, except for a small 
portion near the base, acts to straighten the cilium, enhancing the action of internal elastic 
bending moments. Thus, during this portion of the recovery stroke magnetic moments 
facilitates the straightening of the cilium and it moves to position (a). After the cilium 
returns to this position, the cycle repeats.  
An important difference between the forward and recovery strokes is related to 
the action of the drag force due to the surrounding viscous fluid. During the forward 
stroke, the cilium closely follows the magnetic field rotation and the rate of bending is 
proportional to the rotation rate of the field. When the rotation rate is low, slow velocities 
lead to relatively low viscous drag. In such cases, motion during the forward stroke can 
be seen as quasi-static. If the rotation of the magnetic field is stopped, the motion of the 
cilium will stop, and it will remain in equilibrium, in the position corresponding to a 
specific direction of the magnetic field. This equilibrium position is defined by a balance 




This quasi-static behavior can only be observed during the initial part of the 
recovery stroke. During the latter part of the recovery stroke, cilium behavior changes 
drastically as it rapidly snaps to the right due to the release of accumulated elastic energy. 
In this case, its velocity is defined by a balance between the internal elastic forcing and 
the viscous drag on the rapidly moving cilium. The time of the forward stroke 
ft  is more 
than 10 times longer that the time of the recovery stroke rt . Since the recovery stroke 
occurs in a short interval of time, larger viscous force experienced during this part of the 
recovery stroke. Although the instantaneous velocity of the cilia can be significant in 
certain parts of the recovery stroke, it is rapidly dissipated by the viscous drag keeping 





Figure 3-3: Cilium positions a-e at selected times throughout one oscillation cycle for 
CCW rotation of the magnetic field. Black arrows indicate the direction of the external 
magnetic field. The magnitude and direction of the applied magnetic moment along the 
cilium length are shown in red as a distribution plotted normal to the local cilium axis for 
the corresponding positions. Note that the magnetic moment varies continuously along 
















3.3.2 Clockwise rotation of magnetic field 
Figure 3-4a. shows a cilium that is subjected to a magnetic field rotating in the 
CW direction. This cilium has the same properties as the one shown in Figure 3-2a. It is 
found that cilium beating due to CW magnet rotation differs significantly from that 
induced by the CCW rotation of the magnet (cf. Figure 3-2 and Figure 3-4). The limiting 
positions a and d between which the cilium oscillates are shifted to the right when the 
magnet rotation is changed from CCW to CW (i.e., the cilia tend to deform in the 
direction of the magnet rotation). Furthermore, the area enclosed by the cilium tip is 
significantly smaller for the CW rotating magnet than for the CCW rotation. This 
indicates that the CCW magnet rotation is beneficial for enhancing beating asymmetry. 
Cilium motion obtained in the experiments (Figure 3-4a) is well captured by the 
computer simulations (Figure 3-4b). The CW forward stroke is defined to begin at 
position a (Figure 3-5). In this position most of the cilium is aligned with the field 
direction, except near the base. As the magnetic field rotates in the CW direction, the 
magnetic moment decreases bending as shown in Figure 3-5. This follows the rotating 
field until position d when it touches the substrate. The magnetic moment at this position 
is negligible since the cilium is fully aligned with the field.  It remains at this position d 
prevented by the substrate to move as the magnetic field continues to rotate CW until the 
angle   between the cilium and field is less than 090 , the moments act in the clockwise 
direction, and force the cilium to remain in position d. 
When the magnetic field is oriented vertically,   is equal to 090 . Further rotation 
of the field flips the magnetization in the cilium and leads to a situation where the angle 




not move and is aligned along the substrate between positions d and d’. The magnetic 
moments at d’ flips direction and pulls it upwards and away from the substrate. As the 
cilium bends to align with the magnetic field, it goes thorough an intermediate position e 
and completes the recovery stroke back at the nearly vertical position a. Thus, during the 
recovery stroke it moves in the direction opposite to the rotation of the field.  
Similar to the CCW field rotation scenario, speed during forward stroke is set by 
the rate of the CW magnetic field rotation. During the backward stroke, cilium motion is 
defined by the balance between magnetic force and viscous forces. (Recall that for CCW 
rotation, the recovery stroke is a result of balance between the elastic and viscous forces) 
The difference in acting forces between the forward and recovery strokes gives rise to the 
asymmetry of the motion in CW rotating magnetic field. Note that at the end of the 
forward stroke the cilium pauses while the magnetic field continues to rotate clockwise 
until the magnetization changes direction. No such pause exists for cilia driven by the 





Figure 3-4: Cilium kinematics for the clockwise rotation of magnetic field. a) Overlay of 
experimentally recorded time lapse, from Video 2. b) Computer simulations obtained 
using COMSOL multiphysics. Cilium length is 480L m , and the actuation frequency 














Figure 3-5: Cilium positions a-e at selected times throughout one oscillation cycle for 
CW rotation of the magnetic field. Black arrows indicate the direction of the external 
magnetic field. The magnitude and direction of the applied magnetic moment along the 
cilium length are shown in red as a distribution plotted normal to the local cilium axis for 
the corresponding positions. Note that the magnetic moment varies continuously along 
the length..  
 
Both CW and CCW modes of cilium actuation result in two cycles of cilium 
beating for every rotation of the magnetic field. However, the kinematics is significantly 
different for these two modes. The CCW rotating magnetic field acts to increase the 









forward stroke. These differences result in significantly different bending patterns for the 
CW and CCW directions of magnet rotation. Furthermore, CCW rotation leads to a 
significantly larger spatial asymmetry of beating cycle compared to the CW case. In the 
following sections, the asymmetry for the more interesting CCW rotation of the magnet is 
characterized. 
3.4 Dimensionless parameters 
The kinematics of fluid structure interactions between the cilia and the 
surrounding fluid can be simplified by grouping relevant parameters into dimensionless 
groups.  For this case of magnetic cilia, the motion is governed by magnetic, inertial, 
viscous and elastic forces. Using these different forces acting on the cilia, three 
dimensionless parameters are considered- Reynolds number Re, Magnetic number Mn  
and Sperm number Sp . 
The Reynolds number Re LWf   is the ratio of inertial forces to viscous 
forces. Here,   is the density, L  is the length of the cilium, W  is the width, f  is the 
frequency of operation, and   is the viscosity of water. Re  is estimated to be in the 
range between 0.09 and 0.6 for all the experiments. For these relatively low values of Re
, the cilia operate in a flow regime that is dominated by viscous forces3. This has been 
discussed in detail in chapter 1. 
It has been shown that for 1Re  , since the fluid inertia is negligible, the 
kinematics is entirely governed by magnetic, elastic and viscous forces. The action of 




Mn  and a sperm number Sp .17,63,70 The sperm number  
0.25
Sp L EI  characterizes 
the ratio of viscous to elastic forces acting on the cilia. Here 2 f   is the angular 
velocity, 4   is the lateral drag coefficient of the cilium, and EI is the cilium 
bending rigidity.  
The magnetic number  
0.5
2 2
0Mn B L WP EI  represents the ratio of magnetic and 
elastic forces acting on the cilia17,61,63,68. Here, B  B  is the magnitude of the magnetic 
flux density, W  and P  are the cilium width and thickness, respectively, and 
7
0 4 10 
   is the permittivity of free space. For this experimental setup, an estimated 
average error of 0.05  in measuring Sp  and 0.12  in Mn is considered. 
3.5 Characterizing the asymmetric strokes 
The demonstrated spatial asymmetry (Figure 3-2 and Figure 3-4) is critical for 
creating a net fluid flow3,58. Simulations by Khaderi et al.68 have shown a direct 
dependence between the flow rate and area enclosed by the tip trajectory. It is, therefore, 
important to examine how the tip trajectory changes depending on the non-dimensional 
parameters of the system. This information is essential for the use of magnetic cilia in 
fluid pumping applications. In Figure 3-6a, trajectories of the cilium tips driven at 
different values of Sp  and a constant 4.1.Mn  are shown. To change Sp  the frequency 
of the magnetic field rotation is varied. For low 3.6Sp  , the viscous drag force in the 
forward stroke is relatively low, allowing for large deflection of the cilium. Increasing 
Sp  increases the viscous drag during the forward stroke, reducing the magnitude of 




amplitude of oscillation and smaller area enclosed by the trajectory of the tip. For smaller 
values of Sp  equal to 3.6 and 4.1 the tip trajectories change only slightly, indicating a 
limiting cycle behavior for the smaller values of Sp . 
Figure 3-6b shows the tip trajectories for different magnitudes of Mn  and a 
constant 3.6.Sp   Here, Mn  is changed by varying the magnetic flux density. It is found 
that the cilium oscillated at a higher value of 4.1Mn   exhibits a larger deflection. This 
is a result of a relatively large magnetic force compared to the elastic force that enables 
significant cilium deformation. As Mn  decreases, the deflection is reduced due to the 
lower magnetic moments, which is unable to bend the elastic cilium to achieve large 
deformations. Thus, reduction of Mn , leads to a smaller amplitude of the tip deflection 






Figure 3-6: Experimental trajectories of cilium tip normalized by cilium length. (a) Tip 
trajectories for different values of sperm number Sp  varied by changing the frequencies 
magnetic field rotation. The arrow indicates tip trajectories with increasing Sp . (b) Tip 
trajectories for different values of magnetic number Mn  varied by changing B . The 






In the limit of low Re , fluid motion is fully defined by the kinematics of cilium 
stroke and its spatial asymmetry58. As discussed above, the magnitude of cilium 
deformation during the recovery stroke is set by the balance of elastic and viscous forces. 
Since the viscous force is proportional to the cilium velocity, it is important to 
characterize the relative extent of the forward and recovery strokes that depend on the 












ft  is the duration of the forward stroke and rt  is the duration of the recovery 
stroke indicated by the cilium positions P1  and P2  in Figure 3-2a. This parameter is 
used to characterize the difference in forward and recovery stroke velocities. When 1st   
the recovery velocity significantly exceeds the velocity during the forward stroke leading 
to a stroke with high spatial asymmetry. On the other hand, 0st   corresponds to a stroke 
where the velocities of the forward and recovery strokes are equal resulting in a nearly 
symmetrical stroke kinematics. 
In Figure 3-7a,  st is shown as a function of Sp  for two values of Mn . In these 
experiments ,B  ,  ,L  P , and   are varied to alter the dimensionless parameters. The 
values of st  collapse onto a single curve for each value of Mn . This confirms that the 
motion of an elastic magnetic cilium is defined by two dimensionless numbers, Mn  and 
Sp . The figure also shows that st  decreases with increasing Sp . This can be explained by 
the increasing effect of viscous force damping the velocity of cilium motion, which in 
turn increases the time of the elasticity-driven recovery stroke. For larger Sp , st  




forward and recovery strokes are nearly equal. On the other hand, for smaller Sp  the 
effect of viscosity is reduced, leading to a shorter recovery time and a larger asymmetry 
between forward and recovery strokes, as indicated by st  approaching unity. 
Furthermore, a stronger magnetic force, indicated by a larger Mn , increases the 
asymmetry between the forward and recovery strokes for a given Sp . 
 
Figure 3-7: (a) Normalized time difference between forward and recovery stroke as a 






magnitude of cilium deflection as a function of sperm number Sp  for different magnetic 
numbers Mn . The empty markers represent 3.6 0.12Mn    and the filled markers 
represent 3.1 0.08Mn   . ○: 600B Gauss , 480L m , 56Th nm , 1cP  ; ∆: 
760B Gauss , 480L m , 68Th nm , 4cP  ; ∇: 760B Gauss , 480L m , 
68Th nm , 2.1cP  ; □: 600B Gauss , 480L m , 68Th nm , 1cP  ; ●: 
530B Gauss , 480L m , 56Th nm , 1cP  ; ▲: 650B Gauss , 480L m , 
68Th nm , 4cP  ; ▼: 650B Gauss , 480L m , 68Th nm , 2.1cP  ; ■: 
600B Gauss , 430L m , 56Th nm , 1cP  .  
 
To characterize the extent of the deflection of cilium, a normalized deflection 
amplitude maxs L   is introduced. Here, max  is the projected length of the trajectory 
in the x - direction and L  is the cilium length (Figure 3-2a). Figure 3-7b shows the 
variation of s  as a function of Sp  for two values of Mn . It is found that s  obtained 
from different experiments collapse on to curves depending only on Mn . Further it is 
noted that s decreases with increasing Sp . The reduction of the cilium amplitude is 
related to the increased effect of viscosity during the forward stroke. Viscous drag causes 
the cilium to lag behind rotating B  during the forward stroke, decreasing the angle at 
which it can no longer follow B . This in turn, shortens the forward stroke and decreases 
deflection s . The magnitude of cilium deflection s  also decreases with decreasing Mn . 
Thus, increasing Sp  and decreasing Mn  act to suppress the deflection of the cilium.  It is 
found that for larger Sp  the viscous force nearly completely stops cilium motion in 
which case s  approaches zero. This also agrees with a minute time difference between 




 It is noted that the Reynolds number for the data presented in Figure 3-7 vary in 
the range between 0.006 and 0.12. The fact that the data collapse into the master curves 
independently of particular values of the Reynolds number supports the assumption that 
inertial effects play a negligible role for experimental conditions tested. However, that it 
may not be the case for larger values of Reynolds number than those used in the 
experiments, in which case inertial effects can influence the cilium bending pattern70.  
3.6 Summary 
It is shown that when a thin permalloy cilium is actuated by a uniformly rotating 
magnetic field, it exhibits spatially asymmetric periodic motion. Kinematics of a such 
beating is examined by imaging its stroke pattern. The cilium follows different bending 
pattern defined by the direction of magnet rotation. The CCW rotation of the magnet 
produces larger spatial asymmetry in the beating pattern compared to the CW rotation of 
the magnet. The cilium follows the rotation of the magnetic field during the forward 
stroke, and returns traversing a different path in the recovery stroke.  It is found that the 
time of the forward stroke which is proportional to the angular rotation rate of the magnet 
differs significantly from the time of the recovery stroke. The relative importance of 
magnetic, elastic, and viscous forces in terms of dimensionless magnetic ( Mn ) and 
sperm numbers ( Sp ) are characterized. The experimental demonstration shows the 
dependence of cilium kinematics on these dimensionless parameters for CCW rotating 
magnetic field.  For small values of the sperm number, the recovery stroke is significantly 
faster than the forward stroke, leading to asymmetric oscillations of the cilium 
characterized by a large area enclosed by the tip trajectory. These cilium oscillations are 




other transport processes in a low Reynolds number environment68. It is noted that this 
fabrication approach allows us to readily create extended arrays of multiple 
simultaneously beating cilia, including heterogeneous arrays of cilia with different 
geometries. Understanding the dynamic behavior of a single isolated cilium, sets the 
stage for future exploration of more complex cilium systems. Multiple important effects 
can be investigated using magnetic cilia arrays. Furthermore, formation of biomimetic 
metachronal waves has been suggested for magnetic cilia69,79. It has been also reported 
that actuation of cilia at greater Reynolds numbers can lead to dramatic changes in cilium 
beating pattern and ultimately flow reversal70. These and other effects make the magnetic 
elastic cilia especially attractive for a range of microfluidic applications including fluid 






Chapter 4. FLUID TRANSPORT CHARACTERISTICS OF ARRAYS 
OF ARTIFICIAL MAGNETIC CILIA 
One of the vital functions of naturally occurring cilia is fluid transport. Biological 
cilia use spatially asymmetric strokes to generate a net fluid flow that can be utilized for 
feeding, swimming, and other functions. Biomimetic synthetic cilia with similar 
asymmetric beating can be useful for fluid manipulations in lab-on-chip devices. In this 
chapter, microfluidic pumping by magnetically-actuated synthetic cilia arranged in multi-
row arrays is demonstrated.  A microchannel loop to visualize flow created by the ciliary 
array and to examine pumping for a range of cilia and microchannel parameters.  
Magnetic cilia can achieve flow rates of up to 11 l min  with the pressure drop of ~1Pa
. Such magnetic ciliary array can be useful in microfluidic applications requiring rapid 
and controlled fluid transport. 
4.1 Introduction 
Achieving fluid transport at the microscale is particularly difficult owing to the 
lack of inertial effects2,3. It means that any reciprocal motion displaces the fluid back and 
forth without producing any net flow80. Microorganisms typically operate in these 
regimes of negligible inertial effects. To perform vital biophysical functions requiring 
fluid agitation and motion, microorganisms have evolved to use cilia and flagella with 
complex beating patterns yielding a net fluid transport4–6,75. Ciliary bands are used to 
produce feeding currents that draws the food particles towards the mouth of the organism 
for feeding9,10. Cilia facilitate organism swimming10,11. Further, the flow produced by 




asymmetry81. The cilia beating can be planar or three-dimensional82. Researchers have 
studied flow patterns generated by natural cilia9–11,81,83–85 and have shown that ciliary 
carpets84,85 are able to produce flow speeds of up 1mm s . These biological cilia inspire 
researchers to develop synthetic analogs of cilia capable of performing complex 
biomimetic functions that could prove to be useful for lab-on-chip microfluidic devices, 
in vitro and in vivo artificial organs, and drug delivery applications1,13–15,54,86–88. 
Different fabrication methods have been demonstrated to create artificial cilia 
capable of microfluidic pumping59,64,89. Researchers have used continuous roll up 
approach59 to fabricate synthetic cilia and have demonstrated transitional flow speeds up 
to 120 m s  in such systems. The self-pumping frequency – a metric used to assess the 
effectiveness of the pump based on its size90 (ratio of the flowrate to package size 
/s packagef Q S ) is estimated to be 
10.2min  for this pump. Wang et al89 have used self-
assembled magnetic bead cilia to demonstrate transitional flow speeds of ~ 240 m s . 
Toonder et al.91 fabricated micro beams from bilayer films of polyimide and chromium. 
Their cilia showed substantial mixing and pumping abilities when actuated 
electrostatically and demonstrated a translational fluid flow rate of over 500 m s . 
Fahrni et al.64 made ferromagnetic PDMS flaps using photolithography techniques and 
actuated them externally using an electromagnetic setup with a frequency up to 50Hz . 
Rotational as well as translational flow was created with instantaneous fluid velocities of 
up to ~ 500 m s . Hussong et al.92 have shown the use of polymeric cilia capable of 
producing net transitional velocities of up to ~130 m s . In general, ciliary pumps have 




is relatively low ( ~1Pa ). Among different fabrication and actuation techniques 
demonstrated for artificial cilia, the use of magnetic cilia is highly promising due to the 
ease of actuation by manipulating an external magnetic field. Further, magnetic actuation 
does not interfere with the biological samples making such cilia especially useful in 
various biomedical applications. 
Researchers have studied the mechanism of artificial cilia beating and fluid 
transport through computer simulations58,68,69,87. Khadri et al.60 have simulated the 
pumping characteristics of magnetic cilia in a microchannel. They show results with cilia 
capable of producing flow rates of ~18 l min  and 3mm  of water pressure. The net flow 
generated by magnetic cilia and its relation to the beating pattern and Reynolds number 
was analyzed70. Researchers have also examined the effects of multiple cilia interacting 
in an array and discussed the effects of metachronal waves79,93 (See chapter 5). The use of 
cilia for micro-particle capture12,14–16, particle transport71, and flow control87 has been 
examined using computational modeling (See chapter 7). 
As discussed in Chapter 3, a magnetic filament actuated by a rotating magnetic 
field produces spatially asymmetric motion63 in a two-dimensional plane of oscillation. 
Furthermore, this motion is time-irreversible, in that, reversing the direction of magnet 
rotation results in a different beating pattern. In this chapter, the effect of these different 
beating pattern is looked into, obtained by reversing the rotation of the magnetic field, on 
fluid pumping. The net pumping generated by an array of synchronously actuated cilia 
are characterized. To quantify the pumping, an array of cilia inside a closed loop micro-
channel is incorporated. Thus, actuated cilia pump and circulate fluid through the channel 




multiple beating cilia generates rapid microfluidic pumping with rates that depend on 
parameters including the direction of magnet rotation, the cilia properties, dimensions of 
ciliary array and the microchannel dimensions. These cilia arrays can generate 
transitional flow speeds of up to 1.4mm s  corresponding to a flowrate of 11 l min  in 
closed loop channels. To the best of this research’s scope, these results are the highest 
reported flowrates for such ciliary pumps.  These magnetic cilia can find applications in 
biomedical assays. Closed loop pumping systems are useful in cell culture applications, 
where a fluid sample needs to be circulated continuously. They can potentially replace 
conventional peristaltic pumps, which are bulky and expensive. 
4.2 Setup and experimental protocol of pumping experiments 
To study the fluid pumped by the cilia, an array of cilia was incorporated inside a 
microchannel loop. The dimensions of the cilia are length 200L m , width 20W m , 
and thickness 60P nm , whereas the spacing between neighboring cilia within a row is 
20 m . A PDMS microchannel loop (width of 1mm , depth of 300 m , and loop length of 
~36mm) is fabricated using standard soft lithography94 and two inlet/outlet holes are 
punched for adding and removing the fluid. The channel is then placed on the glass 
substrate decorated with a micro-machined ciliary array, and gently pressed to form a 
reversible bond.  
After bonding the PDMS on glass surface, pure ethanol is introduced to wet the 
inner walls of the channel. DI water is then introduced in the already wet channel to 
displace ethanol. This is followed by introducing 5% ammonium hydroxide to selectively 




ammonia water with DI water containing fluorescent beads ( 3 m , Fluoro-Max, Thermo-
Fisher scientific) for flow visualization. Lastly, the inlet/outlet reservoirs are sealed by 
placing a glass coverslip on top of the PDMS and gently pressing. This process results in 
a leak free channel loop with cilia on the bottom channel wall. Videos of fluorescent 
beads are recorded under a microscope to evaluate the fluid flow velocity. A schematic of 
the experimental setup is shown in Figure 4-1. 
 
Figure 4-1: Schematic of experimental setup showing a microchannel loop through which 
the fluid pumped by cilia is circulated. A large diametrically magnetized permanent 
magnet is used to actuate the cilia. Inset shows actuated ciliary array as seen from the top 
for two different positions of the magnetic field. 
 
A long permanent magnet magnetized through its diameter (see section 2.4 for 
details) and rotated along the long axis is used to actuate the ciliary array. The magnet is 












of field in the 










directions such that the magnet axis aligns with the center of the array. The diameter of 
the permanent magnet is 12.5D mm , which is significantly larger than the size of an 
individual cilium with is about 100 m . This ensures that each cilium is exposed to a 
nearly uniform magnetic field. Figure 1 shows the top view of a ciliary array at two 
positions of the beating cycle. All cilia show the same in-phase motion due to their 
synchronous actuation. See Video 3 in ESI.  
In these experiments, the pumping by varying the frequency, direction of rotation, 
number of cilia rows, spacing between rows, and the channel height is characterized. The 
pumping produced by ciliary array is characterized by measuring the centerline flow 
velocity on the opposite side of the microfluidic channel loop (see section A in Figure 
4-1). To measure this velocity, videos of fluorescent particles flowing in the 
microchannel were recorded. Care was taken to ensure that the particles near the center of 
the microchannel were imaged. ImageJ is used to track particles by manually selecting 
the start and end positions. The centerline velocity is computed by measuring the distance 
travelled by the particles in a given time. 
In the experiments reported here, the magnet distance from the array was kept 
constant at 9mm, which corresponds to a magnetic number 3.1Mn  . 
To quantify the pumping by arrays of magnetic cilia, a dimensionless parameter is 
defined 
4
0fP U Sp L  that represents pumping generated by the ciliary array per unit 





4.3 Results and discussion  
It is known that spatial asymmetry in a beating pattern is essential for creating any 
net fluid transport at the low Reynolds number environment58. A direct correlation 
between area enclosed by the cilium tip trajectory and fluid transport has been found60. In 
chapter 3, it was shown that the CCW rotation of the magnet results in a larger 
asymmetric stroke, compared to CW rotation. Therefore, larger fluid transport by cilia 
actuated by CCW rotating field can be expected.  
4.3.1 Fluid pumping by ciliary array 
 Fluid transport by arrays of magnetic cilia is characterized by measuring the fluid 
pumping in a microchannel loop. Figure 4-2 shows a comparison of pumping parameter 
fP  in the microchannel loop for CW and CCW actuated cilia as a function of Sp . In 
these experiments, 16 rows of cilia are used with 25 individual cilia per row. 
 It is found that CCW actuation results in superior pumping performance 
compared to CW actuation mode. This result holds for all Sp  tested in the experiment. 
The maximum pumping rate for cilia in the CCW mode is 14fP  , which is significantly 
higher than the maximum pumping rate at the CW mode equal to 4.5fP  .  Better 
pumping performance for a CCW magnet rotation is related to a larger sweep area by the 





Figure 4-2: Dimensionless pumping rate 
fP  as a function of Sp , for CCW and CW 
rotation of the magnetic field actuating a ciliary array. The array has 16 rows of cilia with 
25 cilia per row. Spacing between array rows is 250S m , channel height is 
300H m . 
 
Furthermore, it is found that the direction of flow for CCW and CW rotation of 
the magnet is opposite. For both CCW and CW rotation of the magnet, the cilium in 
forward stroke sweeps through a larger area compared to the recovery stroke. However, 
the direction of the forward sweep is different as indicated by the blue tip trajectories in 
Figure 3-2 and Figure 3-4 for the two rotation directions, respectively. The direction of 
the resulting fluid pumping coincides with the direction of the forward stroke, thus 




 For a constant magnetic number, it is found that the pumping initially increases 
with increasing Sp  until a maximum is reached (Figure 4-2). Further increase in Sp  
results in a reduction of pumping rate per unit time. For low Sp  which was obtained in 
these experiments at lower oscillation frequencies, cilia experience weaker viscous 
forces. This allows the cilia to sweep a larger area increasing fluid transport63. The 
overall performance is, however, relatively low since cilia can only complete a few 
oscillations per unit time. As Sp  increases, increasing viscous forces reduce the stroke 
asymmetry63 and, therefore, the fluid pumping per oscillation cycle. The faster oscillation 
rate, on the other hand, increases the overall pumping rate until a maximum is reached at 
around 2.9Sp  . Beyond this value, fluid viscosity significantly suppresses cilium 
beating leading to a decline of the pumping performance. 
In these experiments, the maximum pumping rate obtained for CCW actuation is 
about 14fP   at 2500RPM. This corresponds to a centerline velocity equal to 
~1350 m s  and volumetric flow rate ~11 l min  in a channel with 1 280mm m  
cross-section. This flow rate exceeds the values previously reported for synthetic ciliary 
systems60,92. The self-propelling frequency s packagef Q S  for this device is estimated to 
be 1~ 2.5min , indicating its effectiveness. Assuming a Poiseuille flow in the 
microchannel, a pressure drop of ~1Pa  is estimated to be generated by the ciliary array 
in the ~4cm  channel loop.  
Thus, these ciliary arrays with CCW magnetic actuation exhibit a high pumping 




what follows, pumping by CCW actuated cilia for different array and channel parameters 
is systematically examined.  
s  
Figure 4-3: a) Dimensionless pumping rate fP  produced by ciliary arrays with different 
number of rows as a function of Sp  for CCW rotation of the magnetic field actuating 
cilia. b) Pumping rate per row fP N  as a function of the normalized distance C D  of 
the magnet from the center for an array with 3N  . The arrays have 25 cilia per row with 






Figure 4-3a shows how the ciliary array pumping depends on the number of rows 
of cilia. Here, the pumping rate 
fP  is normalized by number of rows of cilia N  to 
characterize the effectiveness per row.  The number of rows between 3 and 16, while 
keeping the separation between rows constant and equal to 300μm .  It is found that 
pumping per row 
fP N  decreases as the number of rows in the array increases. This 
result can be explained based on the difference in magnetic forces experienced by cilia at 
different rows. As the number of rows is increased, the distance between the magnet and 
cilia at different rows also changes. Cilia near the array center are closest to the magnet 
and experience the maximum magnetic force, whereas the cilia in the outer rows of the 
array experience a reduced force. In these experiments, a ~70Gauss  reduction is 
measured in the magnetic field strength acting on the cilia in outer rows. The reduction in 
magnetic field strength reduced the beating amplitude of cilia located at the outer rows in 
the array and, therefore, suppress the overall pumping performance of the ciliary array.  
To further investigate the dependence of the cilium performance on the magnet 
position, experiments are performed in which the magnet distance from an array is 
varied. A small array with 3N   and displace the magnet in the x  direction is chosen. x
is defined as the distance between the center of the array and axis of the magnetic field as 
C . In Figure 4-3b, the magnitude of fluid pumping per row is plotted as fP N  of the 
ciliary array with 3N   as a function of the normalized magnet position C D , where D  
is the magnet diameter.  A significant drop is found in the pumping when C D  is 
increased from 0  to 0.15 . For 0.15C D  , the magnet is displaced by a distance of 




edges for an array with N=16. This result suggests that the reduced pumping per row for 
larger arrays is indeed related to the reduced magnetic force. This decrease in 
performance for larger array can be mitigated by using a rotating magnet with a larger 
diameter to create a more uniform magnetic field across the entire array of cilia.  
To understand the mutual influence of cilia in a multi-row arrays, the spacing S
(shown in Figure 4-1) is varied between consecutive rows of cilia. The cilia are actuated 
by CCW magnet rotation. The case where 1S L  , represents a scenario in which the 
rows of cilia are closely packed. Figure 4-4 shows the pumping rate as function of Sp  for 
arrays with different inter-row spacing. Pumping data for the different spacing arrays is 
found to differ insignificantly. In fact, the average pumping rate is within the 
experimental error for all S L . This implies that the cilium performance is not 
significantly affected by neighboring ciliary rows and the hydrodynamic interaction 





Figure 4-4: Dimensionless pumping rate 
fP  as a function of Sp  for ciliary arrays with 
different spacing between consecutive rows. All arrays have four rows of cilia with 25 
cilia per row. Channel height is 300H m . 
 
In the next set of experiments, dependence of pumping on the channel height H is 
investigated. Figure 4-5 shows the effect of varying channel height on the pumping. In 
these experiments, cilia in actuated in CCW mode with three different Sp . The arrays 
used for these experiments consists of  cilia arranged in 4 rows with 25 cilia per row. The 
channel height is varied between 220 m  to 750 m . A significant increase in pumping 
rate from 2.8fP   to 4fP  , as H L  is increased from 1.2 to 1.8 is found. Further 





Figure 4-5: Dimensionless pumping rate 
fP  as a function of normalized channel height 
H L  for selected values of Sp. A ciliary array with four rows of cilia, and 25 cilia per 
row is used. Spacing between rows of cilia is 250S m .  
 
It is predicted that the flow above the cilia in a closed loop channel with H L
resembles the Couette flow, with no-slip at the top boundary and bottom boundary being 
tangentially moved by the cilia60. In such cases, the flowrate scales linearly with channel 
height and the centerline velocity is independent of channel height. These experiments 
confirm this result, as demonstrated by the negligible change in centerline velocity for 
1.8H L  . However, when channel height is comparable to cilia length, the centerline 
velocity decreases as shown for 1.2H L  . This indicates that the motion of the cilia is 




4.4 Microfluidic mixing 
Fluid mixing at the microscale is a challenging task because the flow is typically 
viscosity dominated and the mixing process is governed by relatively slow molecular 
diffusion. To achieve an efficient and fast mixing, fluid flows that cause repeated 
stretching and folding of the fluid have to be used. The fluid transport created by 
magnetic cilia can be used for mixing fluid streams. 
To examine the ability of magnetic cilia to effectively mix fluid streams a 
microfluidic channel with an array of cilia actuated by a rotating permanent magnet is 
used. Two fluid streams, one of which is fluorescent, are introduced in a Y-shaped 
microchannel made by PDMS molding and bonding on a glass slide (mixing channel 
dimension - 220 m  height and 1mm  width). The glass slide is decorated with ciliary 
array consisting of four columns with alternating pumping directions. The fluid is 
pumped at a 10 / minl  flowrate using a syringe pump.  
Figure 4-6 shows experimental snapshots in which an array of cilia is used to mix 
two fluid streams pumped thorough the microchannel. Without any actuation of the 
ciliary array, two streams continue to flow nearly undisturbed along the array without 
intermixing, which indicates a minor effect of the diffusion on stream mixing (Figure 
4-6a). As soon as the array is activated by the rotating permanent magnet, the cilia 
generate local flows normal to the direction of the fluid streams. Furthermore, the 
directions of the cilium induced flows alternate in the consecutive array columns 
resulting in flow circulations across the microchannel. These flow circulations have an 




penetrate each other, as shown in Figure 4-6b. After a short transient, the flow within the 
microchannel reaches a steady state with a nearly complete mixing of the fluorescent and 
non-fluorescent streams in the microchannel downstream, as shown in Figure 4-6c. In 
this system, the mixing time is less than the that required by diffusive mixing. Thus, the 
array of magnetic cilia demonstrates high potential for continuous mixing of fluids in 
microchannels.   
 
Figure 4-6: Mixing produced in a microchannel with two fluid streams. Inlet on the left 
shows two streams of fluid. The flowrate in the microchannel is 10 / minl . a) Cilia are 
not active, remaining flow streams unmixed. b) Cilia are actuated at 50Hz  leading the 
merging of the two fluid streams. c) Steady state flow in the channel with actuated cilia 










  Fluid pumping is demonstrated by an array of beating magnetic cilia. The cilia 
are made of soft magnetic thin films, which are actuated by a rotating permanent magnet. 
Kinematics of a single cilium is examined by imaging its motion. The cilium follows 
different bending pattern defined by the direction of magnet rotation. The CCW rotation 
of the magnet produces larger spatial asymmetry in the beating pattern compared to the 
CW rotation of the magnet.  This, in turn, results in faster pumping by cilia actuated 
using CCW rotating magnet. The pumping is shown to depend on a dimensionless sperm 
number with the fastest pumping rate occurring at 2.9Sp   The pumping rate increases 
with increasing the number of ciliary rows in the array, but nearly independent from the 
spacing between the rows. The maximum centerline velocity generated by the magnetic 
cilia is ~1350 m s , which corresponds to a volumetric flowrate of ~11 l min . The 
self-pumping frequency, a metric used to assess the effectiveness of the pump based on 
its size, is estimated to be 1~ 2.5min . This is the highest reported value in similar ciliary 
microfluidic pumping systems. The flowrates produced by the artificial cilia are 
comparable to that of natural cilia10,84,85. 
Artificial magnetic cilia such as developed in this study are promising for active 
control of fluid flow in microfluidic devices. For example, the transport created by 
magnetic cilia can be used for applications such as mixing fluid streams. The mixing of 
two fluid streams is demonstrated using arrays of cilia arranged such that they pump the 
fluid in opposite directions. It is observed that the fluid streams mix thoroughly 




The resulted results presented in this chapter provide guidelines for designing 
biomimetic magnetic cilia for various lab-on-a-chip applications. Maximum flowrate can 
be obtained for operating conditions which result in a sperm number Sp~2.9. The 
magnetic actuation has the particular advantage of being able to actuate remotely and not 
interfere with biological samples. Such cilia incorporated inside stents and tubes can be 
used for precise fluid metering. Furthermore, combining magnetic cilia with different 
orientations can be used for fluid mixing and probing the behavior of microorganisms in 





Chapter 5. METACHRONAL MOTION OF ARTIFICIAL CILIA 
Naturally occurring cilia do not beat simultaneously but beat in a sequential one 
by one fashion to actively transport fluid and suspended particles. Such sequential motion 
is termed metachronal motion. Metachronal motion emerges due to a phase difference 
between beating cycles of neighboring cilia and appears as traveling waves propagating 
along ciliary carpet. In this chapter, the demonstration of metachronal motion in magnetic 
artificial cilia is discussed. It is shown that the difference in magnetic cilium geometric 
properties controls the phase of the beating motion. This property is used to induce 
metachronal waves within a ciliary array, and the effect of various operation parameters 
on the wave motion are discussed. The metachronal motion in the artificial system is 
shown to depend on the magnetic and elastic properties of the filaments, unlike natural 
cilia, where metachronal motion arises due to fluid coupling. This approach enables an 
easy integration of metachronal magnetic cilia in lab-on-a-chip devices for enhanced 
fluid and particle manipulations. 
5.1 Introduction 
Biological organisms use organelles such as hair-like cilia to perform vital 
functions involving fluid manipulation in their vicinity. Each cilium performs time-
irreversible motion, traversing a spatially asymmetric path, and generates local fluid 
transport. It is often observed that carpets of natural cilia beat in a metachronal fashion, 
which appear as propagating waves. For example, lung cilia beat in a metachronal 




metachronal motion is found on larger scales in the gait of millipedes, spiders and other 
invertebrates.98  
In natural cilia, metachronal motion usually emerges as a self-organized 
phenomenon due to hydrodynamic coupling between a cilium and its neighbors.97,99–101 
As a result, tiny flexible cilia beat with a phase difference with respect to their neighbors, 
thereby generating travelling waves propagating along the ciliary carpet. The direction of 
metachronal waves in natural cilia can be symplectic (in the direction of the effective 
stroke), antiplectic (opposite to the direction of effective stoke), or laeoplectic 
(perpendicular to the direction of effective stoke).102 
Studies point to specific advantages in the use of metachronal motion by natural 
cilia.103,104 It has been reported that such motion can lead to a 3-fold increase in 
propulsion rate and a 10-fold increase in efficiency compared to synchronously beating 
cilia.97 Metachronal beating is more energetically efficient and requires a decreased 
amount of adenosine triphosphate (ATP) consumed by cilia.105 Furthermore, metachronal 
beating is advantageous in creating a unidirectional fluid pumping.79 The attractive 
advantages offered by metachronal beating of natural cilia have motivated researchers to 
explore artificial analogs of ciliary carpets capable of performing metachronal motion 
that could be harnessed in microfluidic devices for efficient fluid transport and particle 
manipulation.14,95–97,100,106 
To create metachronal motion artificially, it is essential to impose a phase 
difference in the beating cycles of multiple individual cilia. Such phase difference can be 
achieved by either applying different forcing to each cilium or by having cilia with 




approach that relies on a uniform actuation is more attractive from an experimental point 
of view. In this chapter, methods to achieve metachronal motion using both these 
approaches are discussed. 
5.2 Designing cilia that respond differently to the same force 
Only recently a uniform magnetic force was used by Tasumori et al.107 to 
demonstrate metachronal motion in an array of artificial magnetic cilia that had a 
different magnetic orientation. The 2mm  cilia were created using a sophisticated 
fabrication method that required carefully monitored processing steps with each cilium 
fabricated individually. The authors intend to miniaturize their cilia to a sub-millimeter 
size in the future work.  
This chapter discusses new approaches to create metachronal motion in an array 
of magnetic cilia actuated by a uniform rotating magnetic field. High-aspect-ratio 
magnetic filaments that are periodically deformed by a rotating magnetic field have been 
previously suggested as an attractive approach to create artificial beating cilia (see 
Chapter 2,Chapter 3Chapter 4).108 Cilia that are made up of paramagnetic metallic 
filaments with identical magnetic properties are used.62,63,109 The motion of such cilia in a 
rotating magnetic field is defined by magnetic, elastic, and viscous hydrodynamic forces. 
The counter-clockwise rotating magnetic field bends the elastic cilium during the forward 
stroke, during which elastic energy is accumulated. After reaching maximum bending, 
cilia recover to the initial position by releasing the accumulated elastic energy. At 




magnetic and elastic forces, whereas the recovery stroke is controlled by an interplay of 
the elastic and viscous forces.62 
Metachronal wave motion in a ciliary array emerges when there is a phase 
difference in beating strokes of neighboring cilia, such that neighboring cilia transition 
from the forward to the recovery stroke in a sequential manner. In this system, the 
transition happens when the elastic force in deformed cilia exceeds the magnetic force 
due to the rotating magnet. More flexible cilia deflect more easily by the magnetic 
field108,110 and, therefore, transition to the recovery at larger rotational angles of the 
magnet compared to stiffer cilia with the same magnetic properties. This leads to a phase 
difference between the beating of more flexible and less flexible magnetic cilia. This 
property is used to fabricate an array of cilia that exhibit metachronal motion under 
uniform rotating magnetic field.110  
Consider elastic cilia that are made of a paramagnetic material. In this case, the 
ratio between magnetic and elastic forces acting on a cilium can be characterized by a 
magnetic number, as discussed in chapter 3. Note that in the above definition of Mn , W  
cancels out and, therefore, Mn  is independent of cilium width. To achieve metachronal 
motion, the magnet angle at which cilia transition is changed from forward to recovery 
stroke and, therefore, the phase of cilium beating, by altering the magnitude of Mn  for 
individual filaments in a ciliary array. To change the Mn  for across an array of cilia, 
geometric properties such as the length or thickness of the filaments can be varied. Note 
that Mn  is independent of cilium width, as W  cancels out in the definition. In the 
following sections, the metachronal motion obtained by varying the length as well as the 




5.2.1 Varying length across the array 
Since Mn  linearly depends on the cilium length L , a linear change of cilium 
length should lead to a metachronal wave propagating along the ciliary array with a 
constant speed.110 To test this hypothesis, an array with cilium length increasing linearly 
with the cilium position along the array was fabricated.  
An array of nickel iron permalloy cilia is fabricated using the technique discussed 
in chapter 2 with cilium length increasing from 60 m  to 600 m . The cilia are 10 m  in 
width, and 60nm  in thickness. The separation between neighboring cilia within a row is 
50 m , unless indicated otherwise. Details of the fabrication process and imaging 
procedure can be found elsewhere (See Chapter 2, Chapter 3 and Chapter 4).63 The cilia 
are actuated by a permanent magnet with a 12mm  diameter (D8X0DIA, KJ Magnetics) 
rotating with a constant frequency f . The large size of the magnet compared to the 
ciliary array ensures a uniform magnetic field experienced by cilia. A schematic of the 
experimental setup is shown in Figure 5-1. 
  
Figure 5-1: Schematic of the experimental setup with an array of cilia with linearly 
varying lengths actuated by a permanent magnet rotating,  
12mm dia Magnet 









Figure 5-2a, b, and c show snapshots of the ciliary array at different times during 
the magnet rotation. The snapshots illustrate the propagation of a metachronal wave 
along the array (also see Video 5 in ESI). The front of the metachronal wave are 
identified by the position of the cilia within the array that have just completed the 
recovery stroke, as indicated by the arrows in Figure 5-2a, b, and c. It is found that the 
metachronal wave propagates from the shorter cilia on the left to the longer cilia on the 
right with a nearly constant speed. This is indicated by the linearly increasing position of 
the wave front with time T  (Figure 5-3). Note that front position X  is normalized by 






Figure 5-2: a-c) Snapshots of the ciliary array at time 0.1T  , 0.25T  , and 0.45T  , 
respectively. Two rows of cilia are shown with cilium - 10 m  in width and length 
changing form 60 m  to 600 m . The magnet is rotated counter clockwise with a 
frequency of 0.5Hz . Metachronal motion can be viewed from left to right from below the 
glass substrate, with the wave front indicated by the arrow. See ESI for Video 5 of 









Figure 5-3: Position of the metachronal wave front AX L  , where AL  is the array 
length, as a function of time T . Time T  is normalized by the period of magnet rotation 
(To). 
 
To further understand how the metachronal beating is created in the ciliary array, 
the kinematics of two beating cilia with different length are examined. Figure 5-4a and b 
present a series of overlapped images of cilia with length 220L m  and 480L m , 
respectively. In both cases, cilium tips follow closed trajectories shown by a yellow line 
during the forward stroke and by a red line during the recovery stroke.  
The forward stroke starts at position P1 . For both the cilia, the tip angle, 
indicated by the green arrow, is closely aligned with the direction of the magnetic field, 
indicated by the blue arrow. The CCW rotating field induces a magnetic moment that 
bends the cilia in the counter-clockwise direction. The cilium tip angle increases and 





force due to cilium deformation exceeds the magnetic force causing the beginning of the 
recovery stroke. Position P2  is determined by the value of Mn . Shorter cilia with larger 
stiffness, and therefore a lower Mn , bend to a lesser extent (Figure 5-4a), whereas longer 
cilia with lower stiffness and higher Mn  are capable of bending to larger angles to follow 
the field (Figure 5-4b). Thus, the maximum bending angle at position P2  is greater for 
the longer cilia that are characterized by higher values of Mn . 
 
Figure 5-4: Motion of a single cilium in a beating cycle with length a) 200L m  and b) 
480L m  The yellow and red arrows indicate the forward and recovery strokes, 
respectively. The green arrow is tangent to the cilium tip and the blue arrow indicates the 
direction of the magnetic field.  
 
At position P2 , the angle between the cilium tip and magnetic field is larger for 
the shorter cilium compared to the longer cilium, as indicated by the angle between the 
red and blue arrows in Figure 5-4. Further rotation of the magnet beyond P2  reduces the 
magnetic moment and the cilia return to position P1  releasing the accumulated elastic 
energy. The shorter cilium returns to P1  at a smaller magnet angle than the longer cilium 







leading to a phase difference in the beating cycle that is proportional to the cilium length. 
Note that magnetization of the cilia flips its direction during the recovery stroke. As a 
result, cilia perform two beating cycles for each rotation of the magnetic field.63,68,70 
Such a phase difference in the motion of cilia of different lengths can be extended 
to multiple cilia of different lengths and a phase difference between their motions can be 
obtained. Figure 5-5a shows the normalized tip trajectory of four cilium of lengths 
200,300,400,600L m . These x y  positions are normalized using the length ( L ) of 
the cilium. The shortest cilium has the largest bending rigidity, and therefore the 
magnetic moments can only bend the cilium to a smaller angle. The tip trajectory for the 
shortest cilium is shown in blue. Note, that the shortest cilium oscillates between points 
that subtend an angle shown in blue. As the length of the cilium increases, the bending 
rigidity reduced, and the magnetic field is capable of bending the cilium to a larger angle. 
This is indicated by the green, red, and black tip trajectories, which correspond to lengths 
300,400,600L m  respectively. The angle subtended by the beating cycle for longer 
cilium shifts counter-clockwise as shown by the green, red and black angles respectively. 
This shift in the angle subtended by the beating cycles leads to the phase difference in 
their oscillations.  
The phase offset in the motion of different length cilia is illustrated in Figure 
5-5b. Here, the normalized tip angle   is plotted as a function of time T . Tip angle   is 
measured with respect to the substrate in the counter-clockwise direction. Time T  is 
normalized by period of the magnetic field. The increasing value of   indicates the 
forward stroke, whereas the decreasing   represents the recovery stroke. The angle of the 




The forward stroke starts when the direction of the magnetic field 
M  coincides 
with the tip angle  . This happens at different T  for cilia with different length, with 
shorter cilia initiating the forward stroke earlier than longer cilia. The tip angle increases 
nearly linearly with T  until the maximum is reached. As cilia deform, the difference 
between the cilia tip angle   and the direction of magnetic fields M  increases, 
indicating the lag in cilium tip angle with respect to the magnet. This difference is larger 
for shorter cilia which are effectively stiffer. The maximum   coincides the beginning of 
the recovery stroke, which starts earlier for shorter cilia. During the recovery stroke,   
decreases until it matches the direction of the magnetic field and then the cycle repeats. 
Thus, cilia of different length perform cyclic motion with period matching the half period 
of the magnet rotation, but with different phases with respect to the rotation of the 
magnetic field. The phase is proportional to the effective bending elasticity of the cilia 
and, thus, depends on the magnitude of the magnetic number Mn . Remember, 
 
0.5
0Mn BL WP EI  represents the ratio between the magnetic force and the elastic 
forces that is proportional to the cilium length. As a result, a metachronal wave emerges 
that propagates in the direction of the increasing cilium length (see Video 6 in ESI that 
shows two metachronal waves simultaneously propagating in opposing directions within 





Figure 5-5: a) Plot of normalized trajectory of cilium tip of different lengths obtained 
through recording the beating pattern in the side view. b) The tip angle of beating cilia as 
a function of time T . The dotted lines show the rotational angle of the magnetic field. 
The angles are measured with respect to the substrate and are normalized by 2 . Time is 
normalized by the period of the external magnetic field rotation equal to 2s . 
 
The sperm number Sp  characterizes the ratio of viscous to elastic forces acting on 
cilia. To further explore the effect of Sp  and Mn  on metachronal waves, experiments 
were conducted in which both these dimensionless parameters are varied in the ranges 









L , their magnitudes change along the ciliary arrays. It therefore, introduces dimensional 
parameters LSp Sp L  and LMn Mn L  to describe the operating condition for the 
entire array. In the experiments, LSp  is varied by changing the magnet frequency, 
whereas LMn  is changed by altering the distance from the array to the magnet. Note that 
LSp  and LMn  have the unit of 
1m  
To characterize the metachronal motion, the time cT  is measured at which a 
cilium returns to P1  completing a beating cycle (see Figure 5-4). In Figure 5-5, cT  is 
plotted as a function of the normalized cilium position AX L  , where X  is the cilium 
position within the array and 3AL mm  is the length of the array. The results are 
presented for selected values of LSp  and LMn . Figure 3 shows that cT  increases nearly 
linearly with   along the array indicating the propagation of a metachronal wave with a 
constant speed. Furthermore, the inverse of cT  slope represents the wave speed. 
 It is found in Figure 5-6 that all the data for cT  collapses into two curves 
corresponding to the two values of LMn  tested in these experiments. The results are 
independent of LSp  confirming that the metachronal wave motion is solely defined by 
LMn  that sets the speed of the wave propagation. A lower value of LMn  results in a faster 
wave speed. Indeed, weaker magnetic field can deform cilia to a smaller angle triggering 






Figure 5-6: Cycle completion time cT  as a function of cilium position   for various 
experimental conditions. Note that data points collapse onto separate curves depending 
on LMn , indicating the weak dependence on LSp . The symbols ▲ and ▲ represent data 
obtained for 17.4LMn mm
 , 16.6LSp mm
  from arrays with 150 m  and 300 m  
spacing between cilia, respectively. 
 
In naturally occurring cilia, metachronal motion emerges as a result of 
hydrodynamic coupling between neighboring cilia.97,99–101 To probe the effect of 
hydrodynamic interactions between neighboring cilia in the synthetic system,  
experiments were conducted with ciliary arrays having different distances between cilia 
within a row. Specifically, f arrays of cilia are fabricated with 3 and 6 times greater 
spacing between the neighboring filaments as compared to the original arrays. The results 
for cT  obtained in these experiments are indicated in Figure 5-6 by the colored symbols.  








































Thus, in the artificial ciliary system, metachronal motion is solely controlled by the 
interplay between magnetic and elastic forces, and not due to hydrodynamic coupling.  
Further, in Figure 5-7, 
cT  is plotted as a function of Mn and it is noted that the all 
the data points for different lengths, frequencies and magnetic field strength collapse one 
to a single curve. This implies that 
cT  is influenced only by the relative scale of magnetic 
to elastic forces, i.e. magnetic number, and is insensitive to the viscous forces acting on 
the cilia.  
 
Figure 5-7: cT  as a function of Mn  for cilia of various lengths. 
 
5.2.2 Varying thickness across the array 
Mn  can also be changed across the array of cilia by varying other parameters 




array, a phase difference between the successive cilia is expected. To test this, cilia with 
increasing thickness across the array are fabricated. 
To achieve a thickness gradient across the array, a shadow is used to partially 
cover the features during the NiFe sputtering process. Figure 5-8a shows a schematic of 
partially shadowing the features in a sputtering machine. A glass slide is placed at 1mm 
from the substrate and partially covers the lithographically patterned features. Sputtering 
the metal on such a setup leads to deposition of metal with increasing thickness. The film 
thickness gradually decreases in the shadow region shown in Figure 5-8a. With this, cilia 
obtained are increasing in thickness across the array, with thickness varying between 
20nm and 100nm. Figure 5-8b shows the thickness of cilia measured across the array 
fabricated using this method. Dektak 150 surface profilometer was used for this 
measurement.  
When subject to a uniform rotating magnetic field, the cilia are actuated with a 
phase difference. Figure 5-8c shows snapshots at three different times during which the 
cilia are actuated one after the other in a sequential manner (See Video 7 in ESI). The 
metachronal motion propagates from left to right with thick cilia completing the cycle 





Figure 5-8: a) Schematic of the shadow setup used to fabricate cilia of increasing 
thickness. b) Measured thickness across a row of cilia. c) Snapshots at different instances 
of time as the metachronal motion propagates from left to right across the row of cilia. 
Red arrows indicate the position of the wave front. d) Cycle completion time cT  as a 
function of Mn  for various cilia of different lengths and thicknesses.  
 
As discussed in the previous section 5.2.1, the time at which cilium completes the 
cycle is solely dependent on the Mn . Recollect that Mn  describes the balance between 
magnetic and elastic forces. Figure 8d is an over lay of the data points obtained for cilia 















of varying thickness on the previously reported Figure 5-8. 
cT  is plotted as a function of 
Mn  for cilia with different thickness, length, and frequency of oscillation. The red square 
points in the plot represent the points obtained for cilia of varying thickness. Note that all 
the data points collapse on to a single curve, which emphasizes that 
cT  solely depends on 
Mn .  
In both the implementations discussed in the previous sections, the metachronal 
motion is perpendicular to the direction of the effective cilium stroke (i.e. laeoplectic). 
Such laeoplectic metachronal motion has been shown to produce secondary flows with a 
net fluid flux perpendicular to the beating plane.69 It is note that by changing the spatial 
arrangement of cilia on the substrate such that cilia with different Mn  are placed in front 
or behind of each other, either symplectic or antiplectic motion can be achieved. It has 
been shown that for antiplectic metachrony, the net flow generated by cilia is greater, 
whereas symplectic metachronal beating leads to a flow that is slower in comparison to 
synchronously beating cilia.69 Furthermore, in the experiments demonstrated here, the 
phase difference is a direct consequence of the difference in kinematics of the cilia across 
the array. The asymmetric stroke pattern for each cilium is slightly different and therefore 
the pumping produced by each cilium can be expected to be different. The over all fluid 
flow produced by such an array is the combined effect of metachronal beating as well as 
the differences in asymmetric strokes. An example of such a flow pattern is shown in 
Figure 5-9. This figure shows flow produced by cilia with increasing lengths away from 
the center. Note that the circulation produced is denoted by the red arrows. Again, this 
flow pattern arises due to the metachronal effect as well as the differences in beating 




pattern can be a limitation for isolating and purely studying the effect of metachronal 
motion on fluid pumping. 
 
Figure 5-9: Flow produced by an array of cilia with varying cilium lengths. The fluid 
motion is the combined effect of metachronal motion and differences in kinematics due 
to changing lengths. 
 
5.2.3 Varying width across the array 
Recollecting the definition of magnetic number with  
0.5
0Mn BL WP EI , note 
that Mn  depends on cilium length and thickness, but is independent of the cilium width 
W. The width that appears in the numerator is cancelled by the width that appears in the 
moment of inertia I. Therefore, an array of cilia with identical length and thickness, but 
varying widths is expected to show no metachronal behavior. To test this hypothesis and 




and subject it to a uniform rotating magnetic field. The setup used for this experiment is 
similar to the one shown in Figure 5-1. The cilium width in this array varies from 40 m  
on the left to 4um on the right. Indeed, the experiments reveal that cilia of different 
widths beat synchronously with no phase difference in their cycles. Figure 5-10 shows 
two snapshots of the synchronous beating cilia of different widths at different instances 
of time (See Video 8 in ESI for complete motion). Furthermore, the synchronized beating 
of cilia of different widths validates that Mn  is independent of cilium width.  
 
Figure 5-10: Array of cilia with varying cilium widths beat synchronously with no 
metachronal motion when actuated by a rotating magnetic field. 200L m , 









5.3 Applying different forcing to each cilium 
As mentioned in the previous sections metachronal motion can also be obtained by 
applying different forcing on each cilium. In the following sections two methods are 
discussed which achieve this outcome. 
5.3.1 Translating the magnet 
Translating the magnet across a large array of cilia such that the cilia in the 
different locations experience the magnetic field at different times, can actuate the cilia 
metachronally. For example, consider the schematic shown in Figure 5-11 showing a 
permanent magnet that is translated over an array of cilia consisting of multiple rows. 
Note the orientation of the permanent magnet and the direction of translation. Only the 
cilia directly under the influence of the magnet are actuated, while the others are not 
actuated. As the magnet moves in the direction indicated by the arrow, the direction of 
magnetic field as experienced by the rows of cilia changes.  
 
Figure 5-11: Schematic of the experiment with magnet translating along an array of cilia. 
The cilia are actuated from right to left in a sequential manner as the magnet translates.  




As the magnet is moved from right to left, the cilia on the right are actuated first 
as they are closer to the magnet. The cilia start with the forward stroke in which they 
bend away from the substrate to orient along the direction of the magnetic field. When 
the magnet is directly above the cilia, the field is perpendicular to the substrate and the tip 
of the cilia underneath the magnet is expected to be perpendicular as well. As the magnet 
moves past a row of cilia, the bending for the row of cilia increases to a maximum after 
which they return to their initial position when the magnet is sufficiently far away. The 
moving magnet ensure that the cilia are actuated in a sequential manner leading to 
metachronal motion.  
Unlike cilia under the influence of a uniform rotating magnetic field discussed in 
the previous section, these cilia are subjected to a magnetic field that is changing both in 
direction and magnitude. Therefore, the kinematics of beating and the asymmetric stroke 
pattern for such a system is expected to be different. Figure 5-12 shows the snapshots of 
the propagation of a metachronal wave in a large array of cilia subjected to a magnet that 
translates along the array. The magnet is initially positioned at the bottom of the array 
and translates along the direction of the array (shown in red). All cilia in a row 
experience the same magnetic force. Observe the sequential actuation of the cilia, one 





Figure 5-12: Metachronal motion in an array of cilia due to a magnet translating along the 
direction of the array. Cilium properties 80L m , 8W m , 60P nm . 
 
5.3.2 Rotating a magnet that is offset from the array center 
Another method of actuating magnetic cilia metachronally is by translating the 
magnet diagonally across the array. Figure 5-13a shows an example of such a motion 
where a magnet is moved diagonally across a row of cilia. The movement along the 
direction of the array causes the cilia to perform the oscillations. These oscillations due to 
the magnet moving along the direction of the array is similar to the ones described in the 
previous section 5.3.1. The lateral motion, perpendicular to the direction of the array, 
actuates them in a sequential fashion. In the example schematic shown in Figure 5-13a, 




is expected that the cilia on the left of the array are actuated first, followed by the ones on 
the right. Note that the magnet has a magnetization perpendicular to the plane of view. 
Further, moving a magnet diagonally across the ciliary array is simpler to implement 
experimentally, with a permanent magnet simply rotated about point X, that is offset 
from the array (shown in the Figure 5-13a). Figure 5-13b shows the snapshots at different 
times during the actuation of the cilia, where the magnet is moved diagonally. The ones 
on the left are actuated first, followed successively by the ones on the right. The 
propagation of the wave front is indicated by the red arrows.  
 
Figure 5-13: a) Schematic of the experimental setup with the magnet moved diagonally 
across an array. b) Snapshots at different times showing the propagation of the 




In both the implementation demonstrate in sections 5.3.1 and 5.3.2, each cilium 
experiences the same magnetic field as the magnet translates, but at different instances of 
time. This leads to the same beating pattern for all the cilia. Furthermore, the propagating 
wave speed is determined by the speed of the translating magnet. The orientation and 
direction of translation can be controlled to obtain different types of metachrony. 
5.4 Summary 
 Naturally occurring cilia are known to beat in a sequential metachronal motion to 
achieve fluid transport. This motion sequential motion is similar to a “Mexican wave” 
commonly seen in football games. It is also understood that the such motion provides 
additional advantages over synchronized beating of the cilia for achieving fluid transport. 
In this chapter, artificial magnetic cilia capable of performing metachronal motion is 
demonstrated. Array of magnetic cilia described in Chapter 2,Chapter 3 can be actuated, 
such that there is a phase difference in the beating cycles of individual cilium, which 
leads to sequential one by one actuation. This motion appears as travelling waves across a 
ciliary array. Phase difference in the actuation can be obtained by either changing 
properties of cilia, such that they respond differently to the same force, or by applying a 
different force on each cilium.  
First, metachronal motion is demonstrate by varying cilium properties across the 
array, such that individual cilia respond differently for the same applied magnetic field. 
The transition of a cilium from forward stroke to recovery stroke depends on the ratio 
between the magnetic and elastic forces, which is characterized by the magnetic number. 
A phase difference in the beating cycles can be obtained by changing the magnetic 




leads to metachronal motion. Length and thickness are changed to create gradients in 
magnetic number across the array. The experiments reveal the sequential actuation 
forming metachronal motion. Furthermore, it is demonstrated that the metachronal wave 
speed is insensitive to the viscous dissipation forces, and only depends on the balance 
between magnetic and elastic force (the magnetic number - Mn ). 
Metachronal actuation can also be achieved by applying a magnetic force at 
different instances of time for each cilium in the array. A couple of methods are discussed 
to achieve this experimentally. The translation of the magnet determines the direction and 
speed of the travelling wave. Laeoplectic, antiplectic and symplectic metachrony can be 
obtained by controlling the orientation and direction of magnet travel. Again, the wave 
speed is insensitive to the fluid viscosity, and unaffected by the motion of neighboring 
cilia. 
In conclusion, many approaches are demonstrated to create metachronal waves in 
an array of artificial cilia submerged in a viscous fluid and actuated by a uniform rotating 
or translating magnetic field. The fabrication approach enables creation of large arrays of 
microscopic magnetic cilia that can be readily integrated into various microfluidic 
devices. This in turn will facilitate the development of attractive biomimetic platforms 





Chapter 6. INDIVIDUAL CONTROL OF CILIA 
In Chapter 4, a rotating magnetic field was used to actuate the cilia, which led to 
simultaneous actuation of all the individual filaments. A phase difference in their motion 
was demonstrate by varying cilium properties across the array, and metachronal-beating 
cilia was discussed in Chapter 5. In all these cases of purely magnetic actuation, all the 
cilia in an array are actuated together. It is not possible to selectively actuate only a few 
filaments, while the others remain stationary. In other words, it is not possible to 
individually control the actuation of the cilia. In this chapter, controlling the motion of 
individual cilia as an electrostatic actuator is proposed. An electrostatic force is applied in 
addition to the magnetic force on the cilia. If the magnitude of the electrostatic force is 
larger than the magnetic forcing, and therefore, the cilia do not respond to the magnetic 
actuation. Moreover, the electrostatic force can be applied only on individual filaments, 
which allows for selective beating of the cilia.  
Toonder et al. have shown the use of purely electrostatically actuated filaments as 
artificial cilia91. Typical applications of parallel plate electrostatic actuation for out-of-
plane motion include a variety of devices, such as micro-relays111, optical switches112 and 
many others113. Voltage control and charge control are the two general methods in for 
controlling the deflection of the filaments. In this chapter, voltage is controlled to 
immobilize the ciliary filaments on the substrate. 
The proposed method for electrostatic actuation uses a bottom gold electrode that 
is embedded in a layer of silicon dioxide dielectric layer, and the NiFe filaments act as 




controlled electrostatic actuator, the electrostatic force is proportional to the inverse 
square of the separation distance.  At small voltages, the electrostatic voltage is countered 
by the spring force, and the separation distance reduces with increasing voltage. After a 
certain “pull-in” voltage is reached, the electrostatic forces increase more than the elastic 
restoring forces, making the actuator unstable and the plates snap together114–118. In the 
implementation discussed in this chapter for immobilizing the cilia on the substrate, the 
voltage applied was always maintained about the pull-in voltage. This led to a situation in 
which the filaments and bottom electrode snap together when the voltage is turned on. 
Furthermore, the layout of the bottom electrode can be designed to only immobilize a 
certain number of cilia when the voltage is applied.  
 
Figure 6-1: Schematic of electrostatic actuation of the cilia. A patterned layer of gold is 






The implementation of electrostatic actuation requires additional processing to 
incorporate a bottom electrode in the microfabrication process. First, the pattern of the 
bottom electrode is lithographically printed on the glass substrate and a 100nm layer of 
gold is deposited. Excess gold is removed by performing a lift off. Then, a dielectric layer 
of silicon nitride (SiN – 0.5um) and silicon dioxide (SiO2) is grown using plasma 
enhanced chemical vapor deposition - PECVD process (Unaxis PECVD). Once the 
dielectric layer is deposited, the rest of the processing is similar to fabrication described 
in Chapter 2. The pattern of the cilia is imprinted using a negative photoresist (NR9 
1500Py Futurex) on a glass substrate. A 40nm sacrificial layer of copper is then sputtered 
(Unifilm sputterer) followed by a layer of NiFe (80:20 Ni:Fe permalloy) of required 
thickness. Lift-off is done to remove the photoresist by dissolving it in acetone, which 
leaves the cilia features on the surface. The next step is to deposit an anchor for holding 
the cilia on the substrate. A second lithographic step is performed to obtain these features 
which are deposited with 150nm of titanium. This anchor layer sticks to the glass and 
ensures the NiFe cilia are held on the substrate. The anchor is also used to connect the 
cilia to the terminal of the voltage source. Electrical leads were wire-bonded from the 
bottom and top electrode contact pads, which in turn was connected to the voltage source. 





Figure 6-2: Flow chart showing the fabrication process for electrostatically actuated cilia. 
 
6.2 Operation 
Theoretically, a DC voltage can be applied on the plates of the actuator. Applying a 
DC bias however, led to a lot of bubble generation due to electrolysis at the electrodes. 
Therefore, a high frequency AC voltage was applied across the plates with a frequency of 
400kHz. The high frequency voltage supply ensures minimum gas generation even in a 
buffer solution (1X PBS). A signal generator connected to a 20x voltage amplifier was 




6.2.1 Static magnetic field: 
A fixed magnetic field was applied to initially orient the filament perpendicular to 
the substrate. Voltage was then increased from 0V to 60V and the deflection of the 
filaments was observed.  Figure 6-3 shows the deflection of filaments for various input 
voltages. For a small voltage (10V) applied across the terminals, negligible deflection in 
the cilia was observed. However, as the voltage was ramped up, and reaches the pull-in 
voltage, more of the filaments start to deflect and stick to the bottom surface. For a 
voltage that is high enough (60V) all the cilia deflect and stick to the surface. Care was 
taken to ensure that the maximum voltage applied did not exceed the dielectric 
breakdown.  
 
Figure 6-3: Deflection of cilia for various values of voltage applied across the plates.  
 
6.2.2 Oscillating magnetic field 
Next, to selectively actuate the cilia, an array of electrostatic cilia is fabricated with the 
bottom electrode placed only under a select few. Figure 6-4 shows the layout of the 
bottom electrode. Here, the bottom electrode is shaped in the form of letters ‘GT’. The 
magnetic field is first rotated with the voltage turned off. It is observed that all the cilia 
are actuated and behave the same way. After a certain duration, the voltage is turned on, 




which immobilizes the cilia above the bottom ‘GT’ electrode. The other cilia are not 
influenced by the electrostatic forces and they continue to oscillate following the 
magnetic field.  
 
Figure 6-4: Snapshots from the Video 10. a) Voltage is OFF and all the cilia are actuated. 
b) Voltage is ON and the cilia over the bottom electrode – ‘GT’ are immobilized, while 








A new method is demonstrated for fabricating artificial cilia which can be 
simultaneously actuated using magnetic forces and controlled using electrostatic forces. 
The method uses the concept of a simple electrostatic actuator. A bottom gold electrode 
is deposited, and the cilia act as the top electrode. The cilia snap to the bottom substrate 
when an AC voltage is applied. The described method for creating combined electrostatic 
and magnetic actuation of filaments allows for individually controllable cilia. The 






Chapter 7. BIOMIMETIC CAPTURE 
Microorganisms use biological cilia to create various kinds of transport, and most 
important among them is the transport of suspended particles. Biological cilia are shown 
to effectively capture and trap specific particles for feeding119–123. Motivated by this, the 
use of artificial magnetic cilia to capture particles suspended in a fluid is proposed. 
Perhaps, such nature inspired ciliary capture and isolation of particles can be incorporated 
in microfluidic lab on chip devices for pre-concentration of cells and analytes. In this 
chapter, the particle capture capabilities of magnetic cilia and a proof of concept 
demonstration of Salmonella capture is discussed. 
7.1 Introduction 
Among the various functions of natural cilia, the feeding mechanism is the most 
important. It has been observed that organisms use cilia to sort, capture, divert and feed 
on particles of interest119–124. For example, Vorticella, a unicellular organism is known to 
create feeding current that transport the food particles towards the organism125–127. 
Starfish larvae are also shown to use ciliary bands to produce counter-rotating vortices to 
trap food particles and feed on them10. The surface of natural cilia can also act as active 
capture surfaces to capture food particles in the surrounding fluid128–130. The behavior of 
these biological cilia provides a useful design concept to create microfluidic devices 
where artificial cilia could regulate the movement of microscopic particles within the 
device. In particular, particle capture on the ciliary surface is investigated in this chapter.  
The isolation of  rare cells and pre-concentration  of target species for analysis are 
important steps in detection and enumeration of bacteria 131,132 and cancer cells42,133,134. 




displacement136 exploit the size difference among cells to separate and isolate them. The 
efficiency of these techniques is proportional to the cell volume. Therefore, bacterial 
cells, which are smaller in size ( ~ 1 m ) in comparison to animal cells ( 5 m )are much 
more difficult to isolate and detect. Furthermore, cell concentrations of ~10CFU ml   are 
usually the target detection limit, and it makes the problem more challenging.  
A typical microfluidic approach for bacterial capture relies on target specific 
antibody coatings on stationary surfaces in a microchannel that are used to arrest the 
target cells dispersed in a fluid stream 137–140. The efficiency of capture in such systems 
depend on the probability of target cells that come in contact with the antibody coated 
surface. Such immunoassays usually have low capture efficiency141–144. The probability 
of capture can be enhanced by the use of an active surface, such as the surface of cilia 
that vigorously oscillate in the fluid and produce chaotic motion, which can potentially 
increase the capture probability. Immunomagnetic separation of bacterial cells using 
magnetic beads is also widely used. In this method, an added step of separating the 
magnetics beads with the bacteria from the ones without the bacteria is required.  The 
cilia act to mix fluid and to create flow circulations that bring bacteria closer to the cilium 
surface. Furthermore, antibody coated cilia that beat, sweep through a large area of fluid 
enhancing contact probability with target bacteria to facilitate their capture. Thus, the use 
of arrays of magnetic cilia can drastically increase the capture efficiency of the target 
compared to stationary surfaces. 
With a motivation to develop an active ciliary system to perform bacteria pre-
concentration in microfluidic devices, particle capture capabilities of magnetic cilia are  




capture biotin particles its surface. Furthermore, capture of Salmonella bacteria on 
antibody functionalized ciliary surface is also demonstrated as a proof of concept. 
7.2 Experimental setup 
Particle capture by magnetic cilia is demonstrated using streptavidin-
functionalized cilia that beat in the fluid to capture biotin labelled fluorescent particles. A 
schematic of the capture mechanism is shown in Figure 7-1a. The red circles in the figure 
represent the fluorescent-biotin particles that are captured on the surface. The cilia are 
incorporated inside a microchannel loop, like the setup described in Chapter 4. Biotin 
particles are introduced into the channel loop at known concentrations thorough the fluid 
reservoirs. The cilia are actuated by a rotating magnet, which pumps the fluid in the 
channel loop. The suspended particles are recirculated in the channel loop and perform 
several passes across the ciliary array. This biomimetic setup enables the cilia to 
simultaneously pump the fluid as well as capture particles, similar to natural cilia in 
suspension feeders. 
7.3 Surface functionalization 
To create capturing cilia, streptavidin-coated microbeads (Dynabeads M270, 
65305, Thermofisher scientific) are immobilized on the surface of the cilia. To this 
end, the cilia are first immersed in 1% APTES solution. The silane group bind to the thin 
oxide layer on the NiFe, and the amine group is protonated 3NH
  to create an overall 
positive charge on the cilia. Next, carboxylate microbeads coated with anti-Salmonella 
are introduced. The beads with the carboxyl group COO  have a slight negative charge 




streptavidin-coated microbeads that are electrostatically bound to the surface145. 
Similarly, the bottom glass wall of the microchannel is covered with streptavidin-coated 
microbeads. The latter is used to compare capture efficiency between cilia that beat 
actively, and a passive static surface. Figure 7-1d shows ciliary surface immobilized with 
the beads. This method enables us to visually verify that the beads are immobilized on the 
cilia, and therefore are the target specific receptor.  
 
Figure 7-1: a) Mechanism of particle capture using magnetic cilia. The red dots indicate 
the particles captured on the cilia surface. b) schematic of the experimental setup 








Immobilization of  streptavidin beads on the NiFe cilia. d) Microscope image of 
Dynabeads M270 immobilized on the cilia and glass surface. 
 
7.4 Particle capture experiments and results 
The experiments reveal a significant number of particles captured on the surface 
of the oscillating cilia. In the first set of experiments, the cilia are actuated for known 
intervals of time and images recorded periodically to measure the number of particles 
captured on the ciliary surface. It is found the number of particles captured on the ciliary 
surface increases with time (indicated in Figure 7-2). The cilia initially start with a low 
concentration of particles on the surface, and as time progresses, the number of particles 
captured increases. This result also implies that the captured particles are strongly bound 
to the cilia and rapid agitation does not release them back into the fluid. It is also found 
that the captured particles are selectively bound near the edges of the cilia, as shown by 
an outline of fluorescent particles along the filament edges in Figure 7-2. Such selective 
capture of particles near the ciliary edge is seen is all the experiments and is perhaps 
because a higher number of particles come in contact with the cilia edges as the fluid 





Figure 7-2: Snapshots of the ciliary array at different instances of time during a capture 
experiment. Note the increase in the number of fluorescent particles captured from 1min 
to 15mins. These images  are taken for a cilia oscillation frequency 8.3 , 1.9f Hz Sp  , 
and particle concentration of 510 ml . 
 
The number of particles captured on the surface of the cilia is approximated by 
the use of the automatic particle counter in ImageJ (see APPENDIX B). A plot of the 
number of particles captured as a function of time for various oscillation frequencies is 
shown in Figure 7-3. The experiments with 1.9Sp   of the magnet reveal that number of 
particles increase in a somewhat linear fashion with time. For higher frequencies of 
oscillations, the rate of particles captured is initially linear and reduces after a certain 
duration of time. For example, notice that the particles captured for 2.4Sp   and 
2.4Sp   increases linearly until 2mins and 5mins respectively, and reduces beyond these 
a) 1 min b) 2 mins c) 4 mins 




respective times. The reduction in the capture rate is perhaps because of reduced number 
of available capture sites as more and more particles accumulate on the ciliary surface. 
The surface of the cilia is ultimately expected to saturate with the fluorescent particles, 
and thus leave negligible capture sites to arrest additional particles.   
 
Figure 7-3: Number of particles captured as a function of time for different oscillation 
frequencies of the cilia. 16 rows of 200 m  length, 20 m  width cilia were used for these 
experiments. 
 
Furthermore, the number of particles that are captured on the ciliary surface is 
significantly more than the number of particles captured on the bottom glass surface. 
Figure 7-4a shows a comparison of the number of particles captured on the cilia and glass 
surface. Note that the streptavidin beads are immobilized everywhere, including the 
bottom glass surface. Similarly, defective cilia that are not released from the substrate 























no particle capture. Therefore, the surface of glass substrate and the defective cilia act as 
negative controls, and the selective capture of particles on the surface of oscillating cilia 
proves their effectiveness in the capturing particles as compared to a stationary flat 
surface.  
 
Figure 7-4: a) Comparison between the number of particles capture on the stationary 
glass surface and oscillating ciliary surface. b) Negligible particles captured on defective 
cilium that is not released.  
 
As noted in Figure 7-3, the capture rate depends on the oscillation frequency of 
the cilia, with higher frequencies that result in higher capture. This dependence is 
characterized in the next set of experiments, in which capture is performed at various 
frequencies of oscillation for a period of 30s  and the number of captured particles is 
counted. Since change in frequency of operation changes the Sp  of operation, the 
average number of captured particles on each cilium is plotted as a function of Sp  in 
Figure 7-5.  
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Figure 7-5: Number of particles captured per cilium after 30s  of oscillation, as a function 
of Sp . 
 
The capture count initially increases until a certain optimum Sp  and reduces for 
further increase in Sp . Maximum capture is observed at ~ 2.9Sp . It is interesting to note 
that optimum for fluid pumping is also ~ 2.9Sp , as shown in Figure 4-2.  This result 
indicates a direct correlation between the fluid pumping and particle capture in such 
magnetic cilia. For a fixed concentration of particles in the channel, the net particle flux 
that flows across the array of cilia is directly dependent on the fluid pumping, and 
therefore higher fluid pumping implies higher flux of particles that flow across the array. 
These results indicate that particle capture is directly influenced by the flux of particles 























7.4.1 Capture efficiency 
In the previous section, the effectiveness of cilia in performing capture is 
demonstrated in comparison to a stationary surface. Next, the capability of magnetic cilia 
in the capture of low concentrations of particles in a sample is investigated. 30 l  of 
samples containing biotin labelled particles is introduced at various concentrations into 
the microchannel loop and the particle concentration is monitored as a function of time. 
The cilia are actuated to circulate the sample in the microchannel loop and 
simultaneously capture particles upon contact. Therefore, the particle concentration in the 
sample is expected to deplete. The concentration of particles being recirculated in the 
channel is measured by recording images of particles in section A (Figure 7-1b) of the 
channel at various intervals of time. The particle concentrations in these experiments are 
kept very low (max of 250 l ), to ensure that the ciliary surface is not saturated over 
time. The particle concentration is normalized using the initial particle concentration and 





Figure 7-6: Particle concentration in the microchannel normalized with the initial 
concentration versus time. As the cilia oscillate to induce flow, the particles are captured 
and therefore the number of particles in the channel depletes. 40 rows of 80 m  length, 
8 m  width cilia were used for these experiments. 
 
The rate at which the particles deplete in the microchannel shows a direct relation 
with the particle concentration. A larger initial concentration results in higher depletion 
rates (indicated by the slope of the green data points), and a lower initial concentration 
leads to lower depletion rates(indicated by the slope of the red data points). This result 
implies that a sample with low concentration of particles takes more time to deplete. For 
example, a particle concentration of 250 l  takes about 10mins to show 90% depletion, 


























7.5 Specificity of capture 
It is important to ensure that the capture demonstrated in this section is specific to 
a target. To test this, capture experiments similar to the ones described above are 
performed, but by introducing a binary mixture of two particles in the microchannel. 
Equal concentrations of green biotin particles (FluoSpheres™, 1 m , Thermofisher 
Scientific) and red carboxyl beads (Fluoro-Max™, 3 m , Thermofisher Scientific)  are 
mixed thoroughly in PBS and introduced in the microchannel. The streptavidin beads 
immobilized on the ciliary surface are expected to capture the green biotin particles 
selectively, and any non-specific binding of the red carboxyl beads is expected to be low 
on the ciliary surface. Figure 7-7a shows the initial concentration of the red carboxyl and 
green biotin particles. Note that the initial concentration of both particles is similar (
6~10 ml ). The sample is introduced in the microchannel loop and processed by the 
oscillating cilia for 1min at 500RPM , and the cilia are washed with 1x PBS 7.4pH  . 
Figure 7-7b shows the images of the ciliary array after the experiment under the red and 
green fluorescent filters to image the two kinds of particles. A significantly higher 
number of green biotin particles are captured on the ciliary surface. The number of non-
specifically bound red carboxyl particles are much less in comparison. In Figure 7-7c the 
initial concentration of particles and the number of captured particles after the experiment 
is plotted. As can be noted, the initial concentration of red and green particles is similar. 
After the experiment, the final number of green particles captured on the ciliary surface is 
significantly higher than the non-specific capture of red particles. The number of biotin 
particles captured is around 10x times the non-specifically bound carboxyl particles. 





Figure 7-7: a) Initial concentration of carboxyl beads and biotin particles. b) Final 
concentration of carboxyl and biotin particles after the device is washed. c) Comparison 
of the initial and final concentration of the particles in the device. Note the higher number 
of biotin particles captured point to the specificity of capture.  
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7.6 Bacteria capture results 
The capture of bacterial cells that are usually present in low concentrations (100 
CFU ml ) is critical for food safety applications. To demonstrate capture of bacteria by 
magnetic cilia, antibody is immobilized on the ciliary surface and experiments similar to 
the ones discussed in the previous section 7.4 are performed. Specifically, the capture of 
Salmonella enterica with anti-Salmonella coated cilia is demonstrated in this section. 
These experiments were performed at the University of Georgia, in the lab of Dr. Ynes 
Ortega and Dr. Marilyn Erikson.  
In order to be able to visualize S. enterica cells, they were labelled with Clontech 
Gfpuv green-fluorescent protein plasmid (Mountain View, CA) and use  a calcium 
chloride heat shock transformation method146. This makes the bacteria fluorescent and 
can be directly visualized under a fluorescent microscope. Next, the method used to 
functionalize the antibody on the ciliary surface is an extension of the functionalization 
protocol discussed in the precious section (also shown in Figure 7-8). After the 
streptavidin beads are immobilized on the surface of the cilia, 10 l  of biotin-labelled 
anti-salmonella (ab21118 - Rabbit polyclonal, Abcam) at 4 /mg ml   is introduced on the 
ciliary surface. The biotin-anti-salmonella antibody binds to the streptavidin beads. This 
leaves the antibody exposed and available for capture of the cells. S. enterica cells. The 
bacterial cells are then introduced with a concentration of 510 /cells ml  suspended in 1x 
PBS 7.4pH   into the channel loop and the cilia are actuated. S. enterica cells that 





Figure 7-8: Schematic showing how the antibody is immobilized to the cilia.  
 
The cilia are actuated at 50Hz  for a period of 5 minutes. Figure 7-9 shows images 
obtained using fluorescence microscopy that visualize the location of captured 
fluorescent bacteria on the cilia and channel substrate. The experiment reveals that the 
amount of S. enterica cells captured by the cilia is significantly larger than the number of 
cells captured on the bottom glass surface. Indeed, only a few cells can be seen sticking 
to the glass, whereas most of the cells are found on the cilia. Furthermore, the captured 
cells are localized on the edges of beating cilia where the highest local shear rates can be 
expected (Figure 7-9b). These results are very similar to the ones observed for particle 
capture in the previous section. Thus, the experiment demonstrates the potential use of 
magnetic cilia to capture target species from a fluid for their effective isolation and pre-
concentration. The pre-concentrated cells can be resuspended in a smaller volume of fluid 
for easier detection.  
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Figure 7-9: Bacteria capture with anti-body immobilized cilia. a) The GFP tagged 
fluorescent salmonella are selectively captured by the cilia. Very few cells attach to the 
bottom glass substrate. b) Close up of the captured salmonella cells on the cilia surface. 
Notice that the cells stick mostly to the edges of the cilium. 
 
Most GFP tagged 
salmonella bacteria, 
selectively captured 
on the cilia. 
Negligible cells 
captured on the 
glass surface. 
Cells captured near 







To summarize, biologically inspired particle capture capabilities of artificial 
magnetic cilia are demonstrated in this chapter. The surface of the cilia is uniformly 
functionalized with the target specific receptors which act as active binding sites for the 
target. The fast-asymmetric oscillations of the cilia enhance the local fluid mixing and 
enhances the particle capture. It is observed that the number of captured particles 
increases linearly with time, until the number of binding sites on the cilia reduces as more 
and more particles are captured. It is also noted that the capture count depends on the 
frequency of oscillation of the cilia. A maximum capture count is observed for cilia 
operating to produce maximum fluid pumping. This suggests a direct relation between 
the fluid pumping produced by the cilia and the capture efficiency. Furthermore, the 
capture rate is found to depend on the concentration of particles in the sample, with 
higher particle concentrations resulting in higher capture and lower concentrations 
resulting in lower capture. Sample with particles concentration as low as 50 l  were 
captured with efficiencies of up 90%  in 20 mins. More generally, these results suggest a 
direct relation between capture and the flux of particles flowing over the ciliary array. 
The streptavidin coated cilia when exposed to a binary mixture consisting of biotin 
particles and carboxyl modified particles, show very specific binding of the biotin 
particles.  
Owen147 has previously reported capture of biotin particles using Streptavidin 
coated orbiting magnetic microbeads. It is reported that 90% capture can be obtained for 
a sample flowing at 0.5 / minl  using orbiting magnetic microbeads. This leads to a 90% 




is  capable of processing 30 l  of sample in the same 20 min time frame and achieving 
90% capture .Therefore, with the ciliary system, we are able to increase the throughput 
by a factor of three.  
The same principle of operation can be applied to capture any target species. As a 
proof of concept, Salmonella cells are captured on antibody coated cilia. The bacteria 
capture experiments show comparable results to particle capture experiments. The 
bacteria are selectively bound on the surface of the cilia and on the edges. A negligible 






Chapter 8. CONCLUSIONS 
8.1 Concluding remarks 
Cilia are hair-like protrusions on the surface of almost all cells/organisms and 
perform a vast variety of functions. In fact, cilia are the primary means through which 
cells interact with the surroundings. It is known that cilia function as sensory organelles 
used for chemical sensation, signal transduction, and control of cell growth, assist in 
creating fluid transport for swimming and feeding of the organism.  
Inspired by biological cilia, this thesis aims at developing a new technology for 
microscale fluid manipulation using artificially fabricated cilia. The artificial cilia are 
made of a soft magnetic filaments that can be actuated by rotating an external magnetic 
field. A simple surface micromachining process is developed to fabricate the cilia on 
glass substrates, and their actuation is demonstrated using a simple rotating magnet. It is 
found that artificial magnetic cilia perform a time-irreversible beating pattern, similar to 
biologically cilia and therefore are capable of producing fluid transport. Furthermore, 
magnetic forces allow for actuation from a distance, which eliminates any 
wiring/interconnects to the device and is safe for use with biological matter. The 
developed synthetic cilia can be readily incorporated into various microfluidic lab-on-
chip devices for a vast variety of applications requiring fluid transport. 
The kinematics of motion of individual magnetic cilium have been characterized 
by imaging the beating pattern and is validated against computer simulations. It found 
that a magnetic moment which depends on the local position of the cilium causes the 




clockwise motion of the magnetic field leads to significantly different beating pattern. It 
is shown that non-dimensional sperm number ( Sp  - ratio of viscous to elastic forces) and 
magnetic number ( Mn  - ratio of magnetic to elastic forces) determine the motion of the 
filaments. The asymmetric beating is characterized as function of magnetic and sperm 
numbers. These cilium oscillations are promising for creating spatially asymmetric 
motion required to induce fluid pumping and other transport processes in a low Reynolds 
number environment. 
Next, the time-irreversible motion of magnetic cilia is shown to produce 
considerable fluid flow under continuous magnetic actuation. An array of cilia with 16 
rows of cilia is shown to produce flow rate up to 1.4mm s . This is the highest flowrate 
reported for a device of this scale. The self-pumping frequency, a metric used to assess 
the effectiveness of the pump based on its size, is estimated to be ~2.5/min. This is the 
highest reported value in similar ciliary microfluidic pumping systems. Therefore, 
artificial magnetic cilia such as developed in this study are promising for active control 
of fluid flow in microfluidic devices. 
Furthermore, fluid pumping is characterized as a function of several parameters 
such as the channel dimensions, frequency of oscillation, and spacing between the rows 
of cilia. The fluid pumping is shown to be a maximum for an operating condition with 
~ 2.9Sp . It is found that cilia are not affected by the oscillations of cilia in neighboring 
rows.  
It is often observed that natural cilia beating in a sequential one by one 




shown to enhance the fluid transport produced by cilia. Perhaps, artificial cilia can be 
actuated in a biomimetic metachronal fashion to exploit the enhanced fluid transport. 
Studying the effects of metachronal motion has been particularly difficult for researchers 
given the experimental difficulties in achieve them. With the simple fabrication and 
actuation mechanism developed in this thesis, one can easily fabricate cilia to beat in a 
metachronal fashion. A variety of methods to create metachronal motion in artificial cilia 
is demonstrated. It is shown that a difference in the cilium beating phase can be obtained 
by varying the magnetic number ( Mn ) of operation. Cilium geometric properties such as 
the length and thickness are varied across the array such that Mn  varies across the array, 
and they respond with a phase difference when actuated by a magnetic field. It is shown 
that metachronal motion thus obtained is only dependent on Mn , and independent of Sp .  
One of the primary functions of natural cilia in suspension feeders is trapping 
particles for the organism’s feeding. It is also known that natural cilia can be very 
specific in the particles they capture. In this thesis, particle capture capabilities of 
artificial cilia is demonstrated and characterized. The surface of the cilia is functionalized 
with a target specific receptor (streptavidin). The target particles (1 m  biotin coated) in 
concentrations as low as 50 l  are flown over the cilia and capture efficiencies of up 
90%  in 20 mins of processing a sample is demonstrated. It is also found that the capture 
is specific to  a target of interest. When a sample with a binary mixture of two species is 
introduced, the cilia specifically capture only one type of particles and very little non-
specific capture is observed. Thus, such artificial systems can be used for low 
concentration particle capture and pre-concentration. This can particularly be useful in 




cells are captured on the ciliary surface, they can be released in to smaller volumes of 
fluid, which will make their detection easier. As a proof of concept, Salmonella cells 
extracted from a food sample are specifically captured on the ciliary surface. The cilia are 
functionalized with anti-Salmonella to specifically bend to the bacteria. It is shown that 
the active oscillating cilia are particularly effective in capturing the cells as compared to a 
passive surface.  
In conclusion, this thesis develops artificial cilia that are capable of producing 
microscale fluid transport in creeping flow regimes. Such fluid transport can be used in a 
wide variety of Lab-on-chip applications. The simplicity in the fabrication and actuation 
process with high repeatability in operation and function is the novelty of this work. 
Characterization of the cilium kinematics, pumping characteristics, metachronal 
actuation, provides guidelines for implementing such cilia in a wide variety of 





8.2 Contributions of this thesis 
1. Conceptualized artificial magnetic cilia for microfluidic applications. The cilia 
are made of soft magnetic NiFe filaments. 
2. Developed a simple surface micromachining fabrication process to realize the 
cilia. The process uses standardized steps and the results are repeatable.  
3. Characterized the kinematics of cilium beating and establishing the 
dependence on dimensionless parameters- sperm number and magnetic 
number.  
4. Quantifying the fluid transport characteristics of magnetic cilia.  
5. Demonstration of metachronal motion in arrays of artificial cilia.  
6. Functionalizing the surface of cilia for target specific capture and 
characterizing the particle capture capabilities of artificial cilia.  
7. Demonstrating the capture of Salmonella bacteria using antibody-





8.3 Outlook for future development for other applications 
The artificial cilia demonstrated in this thesis can potentially be useful in a wide 
variety of microfluidic applications. The simplicity in design and implementation is the 
novelty of this work. Any fluid manipulation requiring precise metering and transport can 
make use of such artificial ciliary systems. The findings on magnetically actuated cilia 
not only guide the efficient design of microfluidic devices utilizing oscillating synthetic 
cilia, but can be applicable in understanding the behavior of biological cilia and their 
effect on fluid transport. Arrays of cilia can be used for organ-on-a-chip applications to 
reproduce physiological fluid flow environments for the cells/tissue to grow. 
 A valuable extension of this work would be the understanding of how cilia can 
pump non-Newtonian fluids and stratified layers of fluids, with applications in areas such 
as muco-ciliary clearance. Further, artificial cilia can be incorporated inside synthetic 
stents to allow for active pressure regulation. For example, cilia inside ocular stents can 
be used to actively regulate pressure for the reduction of glaucoma. Such cilia can also be 
implemented on microscopic artificial swimmers for drug delivery applications. Another 
potential application for such cilia is to remove plaque and bio-fouling by physically 
agitating the fluid flow. Implementing magnetic cilia on catheter can be useful in 







Fluid structure interaction module in COMSOL was used to simulate the beating 
an individual cilium. Viscous forces and the system's pressure impose forces to the 
surface of a structure. The deformation in the soft structure is not small and the fluid 
regime will therefore change. This means that changes in the structure and the fluid 
dynamics are coupled. A flexible solid structure was constructed using multiple 
rectangles as shown in Figure A1a. The outside of the structure is defined as fluid. A 
fixed boundary condition is applied on one end of the structure. Moments proportional to 
sin(2 )  is applied on each of the other nodes (See section for details on how this is 
derived). The magnitude of this moment is controlled by varying parameter AA to match 
the amplitude of the experimentally observed trajectory. The definition of this locally 
applied moment is as shown in Figure A1a.  
 
Figure A1: a) COMSOL model and the applied boundary conditions. b) Components 
used in the construction of the COMSOL model. 
Fixed end 





Meshing for this model is implemented in two steps. First, a mesh is created with 
the structure being horizontal. At larger deformation, the solver is unable to use the same 
mesh to perform the computations. Therefore, a stop condition is included in the solver to 
stop the computation when the mesh reaches a certain threshold. At this point the solver 
re-meshes the structure in the deformed state and continues the computation. The initial 
mesh used and the deformed mesh is shown in Figures A3a and A3b respectively.  
 
Figure A2: The simulation is done is two steps. a) Stop condition used in step 1 to 
determine the deformed state. b) Mesh used in the un-deformed state. c) Mesh used after 





Counting particles in ImageJ 
The raw RGB image captured in JPEG format is first imported into ImageJ. This 
can be done with individual files or with a batch (Figure A21).  
 
Figure A21: Importing raw images into ImageJ. 
Next the image is converted into a 16bit greyscale and a threshold is set to delete 
the background. An example of the applied threshold and the processed image is shown 





Figure A22: a) Converting the RGB image to greyscale and setting a threshold. b) 
Example of the set threshold to obtain the processed image. c) Parameters set to analyze 
the number of particles in the image. 
 
Next, the number of particles is counted using the Analyze Particles option under 
the Analyze tab. The parameters that determine the circularity and size of the individual 
particles is set. An example is shown in Figure A22c. The number of particles in then 
counted by pressing the OK button. The summary of results is displayed with the 
program displaying the average size of the particles as well as the number of counted 
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